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Rapport apre`s soutenance
Habilitation a` Diriger des Recherches de Je´roˆme Pety,
pre´sente´e le 6 juin 2012
Dans son me´moire intitule´ “Caracte´riser le milieu interstellaire: une cle´ pour com-
prendre l’univers”, pre´sente´ par e´crit et en se´minaire, Je´roˆme Pety fait le point sur
un domaine de recherche tre`s actuel et actif auquel il a apporte´ une contribution tre`s
importante. Les trois rapporteurs qui ont examine´ son me´moire e´crit ont conclu a` la
pleine recevabilite´ de celui–ci, sous re´serve de la pre´sentation orale.
A l’issue de cette pre´sentation, le jury conside`re que Je´roˆme Pety a atteint le
niveau d’un chercheur accompli, be´ne´ficiant d’une reconnaissance internationale, au-
teur de travaux originaux couvrant un large spectre, de l’instrumentation logicielle a` la
recherche observationnelle.
L’expertise de Je´roˆme Pety est reconnue dans un domaine extreˆmement vaste. Ses
recherches observationnelles sur la physico–chimie du milieu interstellaire ont donne´
des re´sultats souvent inattendus car contraires aux pre´dictions des mode`les. Ses e´tudes
font ainsi progresser tre`s significativement la compre´hension de la chimie interstellaire.
L’activite´ d’instrumentation logicielle de Je´roˆme Pety, qui concerne le de´veloppement
de logiciels d’analyse de donne´es d’une part et de nouvelles fonctionalite´s de spectro–
imagerie grand champ en radioastronomie d’autre part, a une porte´e internationale et
est indispensable a` la communaute´ des radioastronomes. Je´roˆme Pety fait preuve dans
ces de´veloppements d’un esprit tout a` fait novateur.
Enfin, le jury souligne le fait que Je´roˆme Pety a d’importantes responsabilite´s dans
la gestion de la recherche, et qu’il a de´ja` co–encadre´ avec beaucoup d’enthousiasme et
de succe´s des the`ses de doctorat et des post–doctorants. Il a un talent certain pour
ge´rer des groupes et faire travailler ensemble des chercheurs et des inge´nieurs.
Il ne fait aucun doute que Je´roˆme Pety a acquis une grande expe´rience dans un
domaine qu’il a largement contribue´ a` de´velopper. Il a de´montre´ qu’il a la stature
d’un directeur de recherches, apte a` cre´er une e´cole ainsi qu’a` stimuler des coope´rations
internationales largement engage´es. Par conse´quent, le jury a` l’unanimite´ de´cerne a`
Je´roˆme Pety l’Habilitation a` Diriger des Recherches.
Caroline Terquem
Professeur UPMC
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Chapitre 2
Curriculum vitae
Jérôme PETY
Marié, deux enfants.
Astronome-adjoint à l’Obs. de Paris,
détaché à l’IRAM (Grenoble).
2.1 Thèmes de recherche
– Physique et chimie du milieu interstellaire (gaz diffus et régions de photo-dissociation).
– Spectro-imagerie grand-champ en radio-astronomie (sub)-millimétrique.
2.2 Tâches de service
2003–
Présent
RESPONSABLE DES LOGICIELS GILDAS
Temps passé : 70% jusque 2006, 50% depuis.
GILDAS est la suite des logiciels de réduction et d’analyse des données produites
par les instruments de l’IRAM : l’interféromètre du Plateau de Bure (France) et le
30m à Pico Veleta (Espagne).
2.3 Gestion et administration de la recherche
2012–2016 LEADER DU PACKAGE SCIENCE SOFTWARE POUR LE PROJET NOEMA
Définition et suivi du planning des développements logiciels. Participation au dé-
veloppement des spécifications instrumentales.
2009–2013 COORDINATEUR DU PROJET DE RECHERCHE ANR : SCHISM
Structure and Chemistry of the Inter-Stellar Medium.
Partenaires : IRAM, LERMA-LRA and LUTH-ISM.
Budget demandé et alloué : 488 438 euros
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2008–
Présent
DIRECTEUR DE L’ACTION SPÉCIFIQUE ALMA
Réflexion sur les besoins en services d’observation ALMA pour la période
2011-2014. Représentation du conseil scientifique à la commission spécialisée
Astronomie-Astrophysique du CNRS et à l’exercice de prospective 2009-2010 de
l’astronomie.
2.4 Participation à d’autres contrats de recherche
2010–2012 CHERCHEUR EXTÉRIEUR DANS LE CONTRAT ESPAGNOL MICINN “ASTROFI-
SICA MOLECULAR : UNA NUEVA VISION DEL UNIVERSO EN LA ERA DE HER-
SCHEL Y ALMA”, PI : J.R. GOICOECHEA.
AYA2009-07304
2.5 Enseignement
2009, 2011 ECOLES DE RADIO-ASTRONOMIE MILLIMÉTRIQUE DE L’IRAM
Cours 1 : Présentation de GILDAS.
Cours 2 : Démonstration de la réduction de données avec CLASS.
Cours 3 : Stratégies d’observations hétérodynes.
Cours 4 : La PDR de la Tête de Cheval.
TP : Encadrement de groupes qui ont cartographié le milieu interstellaire (la PDR
de NGC7023 ou de l’environnement de la region HII W49 en CO).
2002, 2004,
2006, 2008,
2010
ECOLES D’INTERFÉROMÉTRIE MILLIMÉTRIQUE DE L’IRAM
Cours 1 : Une visite guidée de l’interférométrie millimétrique.
Cours 2 : L’imagerie et la déconvolution.
Cours 3 : Présentation de GILDAS.
TP : Co-organisation des TP de calibration et d’imagerie.
2.6 Encadrement
2011–2012 SÉJOUR POST-DOCTORAL DE P. GRATIER.
Financé par le programme ANR SCHISM pour travailler sur la structure et la chi-
mie du milieu interstellaire.
2011 TRAVAIL DE M. LONJARET ET J.-C. ROCHE, INGÉNIEURS DE RECHERCHE.
Financés par un contrat européen du 6ème PCRD (ALMA Enhancement) pour tra-
vailler sur l’imagerie grand-champ d’ALMA.
2010–2013 THÈSE DE V. GUZMAN.
Co-direction avec M. Gerin et J.R. Goicoechea. « Etude de la nébuleuse de la Tête
de Cheval. » Financée par une bourse chilienne, complétée par l’IRAM pour la
durée de sa thèse.
2.7 ANIMATION ET DIFFUSION DE LA CULTURE SCIENTIFIQUE 11
2008 STAGE DE MASTER 2 DE J. MONTILLAUD.
Co-direction avec M. Gerin. « Etude de l’émission de CN, HCN et HNC dans la
nébuleuse de la Tête de Cheval. » J. Montillaud a continué en thèse avec C. Joblin
à Toulouse pour des raisons personnelles.
2007–2011 SÉJOUR POST-DOCTORAL DE N. RODRIGUEZ-FERNANDEZ.
Co-direction avec F. Gueth. Financé par un contrat européen du 6ème PCRD
(ALMA Enhancement) pour travailler sur l’imagerie grand-champ d’ALMA.
2007–
Présent
TRAVAIL D’E. REYNIER, INGÉNIEUR DE RECHERCHE
Financé par l’IRAM pour moderniser les services généraux de GILDAS, puis pour
mettre en place un niveau système de soumission et de gestion des projets scienti-
fiques.
2006–
Présent
TRAVAIL DE S. BARDEAU, INGÉNIEUR DE RECHERCHE
Co-direction avec S. Guilloteau jusqu’en 2008. Financé par un contrat CNRS de
2006 à 2008 (1 an à l’Observatoire de Bordeaux et 2 ans à l’IRAM), S. Bardeau a
mis au point l’interfaçage de GILDAS avec python.
Depuis 2009, S.Bardeau a un contrat avec l’IRAM pour travailler à mi-temps sur le
coeur de GILDAS et à mi-temps sur CLASS, le logiciel de réduction des données
spectroscopiques (en remplacement de P. Hily-Blant, voir ci-dessous).
2006–2007 SÉJOUR POST-DOCTORAL DE V. PIÉTU.
Co-direction avec F. Gueth. Financé par l’IRAM pour travailler sur le logiciel d’éta-
lonnage des données interférométriques, CLIC de GILDAS. V. Piétu a obtenu un
CDI de l’IRAM en 2008 comme responsable de CLIC.
2005–2007 SÉJOUR POST-DOCTORAL DE P. HILY-BLANT.
Financé par l’IRAM pour travailler sur CLASS. P. Hily-Blant a obtenu un poste de
maître de conférence à l’université Joseph Fourier de Grenoble début 2008.
2.7 Animation et diffusion de la culture scientifique
Juin 2012 ATELIER PCMI-ASA AUX JOURNÉES DE LA SF2A
“Analyse, réduction et visualisation de données de spectro-imagerie”.
Dec. 2011 JOURNÉES ASA À GRENOBLE (∼ 60 SCIENTIFIQUES)
“ALMA early science cycle 0 : et après ?”, en collaboration avec le GDR spectro-
scopie.
2011 CONTACTS AVEC PLUSIEURS JOURNALISTES SUR ALMA
Voir par exemple l’article “ALMA en éveil” dans la Libre Belgique.
Nov. 2010 ARTICLE “ALMA, L’OBSERVATOIRE GÉANT” DANS LA REVUE L’Astronomie
ÉDITÉE PAR LA SOCIÉTÉ FRANÇAISE D’ASTRONOMIE.
Rédaction et iconographie.
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Juin 2010 ATELIER ASA À LA SEMAINE DE L’ASTROPHYSIQUE FRANÇAISE
“ALMA Early Science”.
Nov. 2009 COMMUNIQUÉ DE PRESSE CNRS SUR LES PREMIÈRES FRANGES D’ALMA
Participation à la rédaction.
Avril 2009 JOURNÉES ASA À GRENOBLE
Organisation de l’atelier où∼ 100 scientifiques sont venus discuter pendant 2 jours
de la manière dont ils voulaient se préparer scientifiquement aux premiers appels à
proposition d’ALMA.
Juillet 2007 CHRONIQUE CUTTING EDGE DE LA REVUE ANGLAISE Astronomy Now
Sujet : “The Horsehead’s heavy hydrogen”. Interaction avec le chroniqueur et re-
lecture.
Nov. 2006 COLLOQUE PCMI À GRENOBLE
Participation au comité d’organisation scientifique.
Février 2005 COMMUNIQUÉ DE PRESSE JOINT A&A ET CNRS
Sujet : “Hydrocarbons in the Horsehead mane”. Rédaction du communiqué. Infor-
mation reprise dans le Nouvel Obs., Ciel & Espace, Le Monde, et sur de nombreux
sites internet d’information scientifique.
2.8 Parcours
2006–
Présent
INSTITUT DE RADIO ASTRONOMIE MILLIMÉTRIQUE/OBSERVATOIRE DE PARIS
Astronome-adjoint à l’Obs. de Paris, détaché à l’IRAM (Grenoble).
2003–2005 OBSERVATOIRE DE PARIS/INSTITUT DE RADIO ASTRONOMIE MILLIMÉTRIQUE
Astronome-adjoint à l’Obs. de Paris, en mission longue à l’IRAM (Grenoble).
2001–2002 INSTITUT DE RADIO ASTRONOMIE MILLIMÉTRIQUE
Séjour post-doctoral à Grenoble.
2000 UNIVERSITÉ PARIS VI
ATER.
1997–1999 ÉCOLE NORMALE SUPÉRIEURE/OBSERVATOIRE DE PARIS
Thèse d’astrophysique soutenue le 4 octobre 1999.
1995–1996 CALIFORNIA INSTITUTE OF TECHNOLOGY
Service militaire en tant que coopérant scientifique.
1994 UNIVERSITÉ PARIS VI
DEA d’astrophysique.
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1992–1993 ÉCOLE NORMALE SUPÉRIEURE/UNIVERSITÉ PARIS VI
Magistère Interuniversitaire de Physique.
1989–1991 CLASSES PRÉPARATOIRES EFFECTUÉES AU LYCÉE FAIDHERBES, LILLE.
Admis à l’École Normale Supérieure (Ulm).
1988 BACCALAURÉAT SÉRIE C OBTENU DANS L’ACADÉMIE DE LILLE.
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Chapitre 3
Introduction
Les molécules sont de loin les traceurs les plus riches de la matière diffuse dans l’univers,
des galaxies à grand z aux disques proto-planétaires. Leurs degrés de liberté internes et externes
gardent en effet la signature des conditions physiques de l’environnement où elles évoluent.
Pour bénéficier pleinement des diagnostics fondés sur les raies moléculaires, leurs processus de
formation et de destruction doivent être compris quantitativement et pas seulement qualitative-
ment. C’est une véritable gageure étant donné les conditions physiques extrêmes (faible densité,
basse température, éclairement UV souvent important) et la dynamique complexe (turbulence
magnéto-hydrodynamique) du milieu.
Mes travaux cherchent à définir, à réaliser et à interpréter les observations originales, sou-
vent à la limite des capacités instrumentales actuelles en radio-astronomie (sub)-millimétrique.
Ces observations permettent des avancées significatives dans la compréhension des processus
physiques et chimiques à l’œuvre dans le milieu interstellaire galactique ou extra-galactique,
de la naissance des étoiles à leur mort. J’ai ainsi été amené à participer à des études variées :
détection puis cartographie des raies de CO et CI dans des QSO à grand redshift (2.58 et
4.12) [A30, A31, A34], caractérisation des courants de refroidissement dans le cœur de l’amas
de galaxies Persée [A17], étude de la morphologie des vents d’une AGB [A20], caractérisation
de la physique et de la chimie de proto-étoiles [A14, A19, A22, A23, A24, A26, A3]. Ces études
se font à l’interface de PCMI et des PNCG et PNPS.
Plutôt qu’une description exhaustive de l’ensemble de mes travaux, j’ai choisi de présenter
ici ceux qui m’ont continuement occupé durant les dix dernières années et qui cherchent à ca-
ractériser la structure et la chimie du milieu interstellaire local. La partie 4 décrit les efforts que
j’ai entrepris pour contraindre la composition et la formation des nuages moléculaires géants.
La partie 5 montre que la nébuleuse de la Tête de Cheval est non seulement un objet emblé-
matique de l’astronomie, mais surtout un fantastique laboratoire pour tester la physique et la
chimie du milieu interstellaire. Comprendre les diagnostics physiques et chimiques localement
est d’autant plus important que les progrès récents en radio-astronomie (spectromètres à haute
résolution sur de très larges bandes passantes, échantillonnage du plan focal par des multi-pixels,
haute résolution angulaire à l’aide des interféromètres) permettent l’observation de traceurs chi-
miques dans de nouveaux environnements extrêmes comme les disques proto-planétaires ou les
galaxies locales et à haut redshift. Dans la mesure du possible, j’essaie de mettre à disposition de
la communauté les outils nouveaux développés pour réaliser ces études. Par exemple, la partie 7
présente les algorithmes et les logiciels qu’il a fallu (qu’il faut) créer ou modifier pour permettre
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de faire efficacement de l’imagerie grand-champ en radio-astronomie (sub)-millimétrique.
Les deux parties suivantes de ce dossier détaillent deux autres activités dont l’impact sur les
communautés française et internationale est important, même si cela ne se traduit pas en nombre
de citations d’articles. Qui plus est, ces activités occupent une large fraction de mon temps de-
puis que je suis devenu astronome-adjoint fin 2002. Il s’agit d’une part de gérer les logiciels
GILDAS (cf. partie 8) : non seulement tous les résultats obtenus avec les instruments de l’IRAM
(30m à Pico Veleta et interféromètre du Plateau de Bure) sont réduits à l’aide de GILDAS, mais
certains de ces logiciels (par exemple CLASS) sont utilisés dans de nombreux autres observa-
toires de radio-astronomie dans le monde (par exemple l’instrument HIFI d’Herschel). D’autre
part, je suis directeur de l’Action Spécifique ALMA depuis janvier 2008. Le premier objectif de
l’ASA est de préparer la communauté française à la compétition accrue sur ALMA, de façon à
obtenir un retour scientifique à la hauteur des investissements français dès les premiers appels à
propositions1 (cf. partie 9).
Enfin, je coordonne le projet ANR SCHISM (Structure and Chemistry of the Interstellar Me-
dium) depuis le 1er septembre 2009 pour une durée de 4 ans (cf. partie 6). Ce projet explore le
couplage de la chimie en phase gazeuse à celle à la surface des grains, et le couplage de la chi-
mie avec la turbulence magnéto-hydrodynamique (MHD) (phénomènes de transport, structures
dissipatives, chocs). Sa pertinence vient du lien fort entre développements numériques pointus
et observations utilisant les instruments les plus performants du domaine : le satellite Herschel
et les interféromètres millimétriques (Plateau de Bure et ALMA). Dans ce cadre, j’encadre en
thèse Viviana Guzman en co-direction avec M. Gerin et J. Goicoechea.
L’ensemble de ces activités se fait en collaborations nationales et internationales. En ce qui
concerne la recherche, il faut retenir plus particulièrement le groupe de M. Gerin et E. Falga-
rone au LERMA, celui de S. Guilloteau au LAB, H. Liszt du NRAO (USA), R. Lucas du JAO
(Joint ALMA office au Chili), J.R. Goicoechea (CSIC, Espagne). Il faut ajouter plus récemment
le groupe PDR de Meudon (F. Le Petit et al., LUTH) qui est l’un des trois partenaires de l’ANR
SCHISM, ainsi que S. Maret et P. Hily-Blant de l’IPAG pour l’interfaçage des bases de don-
nées spectroscopiques (par exemple CDMS et/ou JPL) à GILDAS [A4]. Mes activités IRAM et
ALMA me donnent aussi l’occasion d’être en contact avec la plupart des grands observatoires
de radio-astronomie du monde. J’apprécie particulièrement le travail en équipe, tant avec des
chercheurs confirmés qu’avec de jeunes chercheurs ou ingénieurs. A l’IRAM, j’encadre ainsi
régulièrement des post-docs et des ingénieurs logiciels. En 2008, j’ai aussi suivi une formation
de chef de projet au CNRS pour améliorer mes capacités de gestion.
Je suis actuellement astronome-adjoint à l’Observatoire de Paris, détaché à l’IRAM. Dans
cette position particulière, je participe au lien entre la communauté française et l’IRAM, un des
acteurs majeurs de la radio-astronomie aujourd’hui. Je souhaite continuer à jouer un rôle dans
la mise en service scientifique d’ALMA et dans la réalisation du projet NOEMA d’extension du
Plateau de Bure pour un budget total de 33 Meuros2.
1La date limite du premier appel pour le cycle 0 de la phase dite "early science" (avec 16 antennes disponibles)
était fin juin 2011. La date limite pour le prochain appel (lorsque 32 antennes seront disponibles) sera probablement
début juillet 2012.
2Ce projet a été classé 1ère priorité dans la catégorie des projets à budget moyen par l’exercice de prospective
2009-2010 de l’INSU, puis il a été sélectionné comme projet EQUIPEX à hauteur de 10 Meuros en 2011.
Copyright: Tom Dame (Top) & Douglas P. Finkbeiner (Bottom)
Chapitre 4
Caractériser observationnellement la tran-
sition HI → H2
Sur le long chemin qui conduit des phases ionisées, chaudes et peu denses du milieu inter-
stellaire, jusqu’à la formation des étoiles et des systèmes planétaires associés, la formation des
nuages moléculaires géants est encore mal comprise aujourd’hui. L’incompréhension de cette
étape clé est due aux difficultés intrinsèques à caractériser observationnellement la transition
HI → H2 : 1) au contraire de nombreux autres objets astrophysiques (par exemple galaxies vues
de face, proto-étoiles, étoiles, planètes), la géométrie du milieu interstellaire est mal contrainte,
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les différentes phases étant imbriquées les unes dans les autres ; 2) le milieu est très turbulent ;
3) alors que l’hydrogène ionisé et neutre peut être directement caractérisé par les raies Hα et HI
à 21 cm, l’hydrogène moléculaire froid est invisible car H2 n’a pas de raies dipolaires, comme
toute molécule symétrique. Les points 1 et 2 impliquent une approche statistique. Le point 3 im-
plique une caractérisation du gaz moléculaire par des traceurs minoritaires, typiquement CO, qui
sont affectés par une chimie propre, dont il faut tenir compte. Il y a donc besoin de diagnostiques
physiques et chimiques clairs pour progresser.
Les nuages moléculaires géants ont été définis observationnellement comme étant les ré-
gions du ciel détectées en 12CO J=1–0 avec des antennes de petite taille (typiquement 1m de
diamètre) : ils ont une masse et une taille typique de 106M et 20 pc, ce qui donne une densité
moyenne de 600H2 cm−3. Pour mieux comprendre la composition et la formation des nuages
moléculaires géants, il faut faire appel à un autre classement observationnel basé sur l’extinction
visuelle et l’émission HI :
Les nuages diffus sont définis par leur émission HI et ils ont une extinction visuelle faible
(Av ≤ 1mag). Le gaz de ces nuages diffus est neutre, tiède (60K) et peu dense (102 cm−3).
Il voit son hydrogène atomique se transformer en hydrogène moléculaire alors que son car-
bone est sous forme neutre ou ionisée (NCO < quelques 1016 cm−2 etNC ∼ 3.1017 cm−2).
Le gaz est soumis au champ UV typique inter-étoiles, ce qui devrait empêcher le dévelop-
pement d’une chimie même rudimentaire.
Les nuages sombres sont traditionnellement identifiés par leur forte extinction visuelle (Av >
6mag, typiquement 10) et par leur émission CO. Le gaz des nuages sombres est neutre,
froid (10K), dense (104 cm−3). Le gaz moléculaire est constitué d’hydrogène moléculaire
et tout son carbone se trouve dans CO. Le gaz est bien protégé du champ de rayonnement
UV, ce qui permet le développement d’une chimie complexe.
Les nuages translucents ont une extinction visuelle comprise entre 2 et 5. Ils forment la tran-
sition entre nuages diffus et nuages sombres.
Nous verrons par la suite que cette distinction par l’extinction visuelle n’est pas aussi simple. Il y
a deux moyens complémentaires de caractériser observationnellement la transition du gaz diffus
au gaz sombre.
4.1 Etudes en absorption derrière une source continuum
Le milieu interstellaire a été découvert en 1907 par l’étude de raies atomiques en absorption
(NaI et CaII) devant le continuum visible d’étoiles. Les premières molécules (CN, CH et CH+)
ont aussi été détectées en absorption dans les années 1937–1940. Les raies en absorption UV
de CO et H2 ont été détectées en 1970–1971 avant d’être étudiées plus systématiquement par le
satellite Copernicus. Cette méthode, qui est encore très utilisée de nos jours (cf. le satellite FUSE
ou quelques programmes utilisant le dernier spectrographe UV du HST : COS), met justement
en évidence les nuages diffus. Mais il est difficile de savoir si les propriétés mesurées sont celles
du gaz diffus ou si elles sont dues à l’interaction entre l’étoile à l’origine du continuum visible
ou UV et le gaz instellaire comme nous l’avons montré avec P. Boissé (professeur à l’UPMC)
dans le cas de la ligne de visée menant à HD34078 [A10]. L’avantage majeur de cette technique
est qu’elle permet une mesure directe et donc très précise de la densité de colonne de l’espèce
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absorbante, indépendamment de tout transfert de rayonnement (un photon continuum absorbé
égale une molécule absorbante).
H. Liszt (NRAO, USA) et R. Lucas (Joint ALMA Office, Chili) ont donc adapté cette mé-
thode en radio-astronomie millimétrique avec l’étude de l’absorption par le gaz galactique de
l’émission continuum brillante de quelques dizaines de quasars extragalactiques, assurant une
mesure non-biaisée (par la source continuum) des propriétés du gaz diffus. Ce travail, que j’ai re-
joint en 2003, a conduit à de nombreuses surprises, parmi lesquelles une importante (mais néan-
moins limitée) chimie polyatomique : détection de HCO+, CCH, C3H2, CN, HCN, HNC, H2CO,
NH3 [A27, et références citées dans cet article] ; non-détection de CH3OH et HC5N [A16]. Cette
chimie a parfois lieu dans des régions incapables d’exciter CO à des niveaux d’émission détec-
tables. Les modèles standards de la chimie des nuages diffus prévoit des abondances chimiques
inférieures d’au moins un ordre de grandeur à ce qui est observé. Les profils de raies ne montrent
pas de traces évidentes de processus énergétiques (des chocs par exemple), qui permettraient
d’activer une chimie chaude. En résumé, nous avons vu une chimie extraordinaire dans le gaz
diffus, mais les données ne donnent pas encore de suggestions claires qui puissent l’expliquer.
L’étape suivante est la recherche en émission de la structure du gaz par observation des nuages
porteurs. Un des buts majeurs de ce travail est de comprendre si la cinématique des raies signale
le dépôt d’énergie en quantité suffisante pour provoquer la chimie observée en absorption.
4.2 Etudes directes en émission
Pour former des nuages moléculaires géants, il faut dissiper localement l’énergie turbulente et
magnétique responsable du support des nuages diffus contre l’effondrement gravitationnel. Bien
que ces processus de dissipation soient mal connus, ils sont une source potentielle d’énergie pour
provoquer la chimie du milieu diffus [A36]. Durant mon service militaire et ma thèse, j’ai mis au
point avec D. Lis (Caltech, USA) et E. Falgarone (LERMA) des outils d’étude de la cinématique
des raies de CO, permettant de caractériser la dissipation de la turbulence [A33, A38, A39]. Les
résultats de ces outils statistiques sont d’autant plus probants que la taille de l’échantillon étudié
est plus grande. Deux possibilités s’offrent dans le cadre du milieu interstellaire. Soit on aug-
mente la taille de la région étudiée à résolution constante : la limite vient du risque d’étudier des
régions soumises à des conditions physiques différentes. Soit on augmente la résolution à taille
de région fixée : il est alors naturel de faire de l’imagerie grand-champ avec des interféromètres.
Avec P. Hily-Blant et E. Falgarone, nous avons réalisé les deux options dans la même région du
ciel appelée Polaris [A9, A18]. Les données du Plateau de Bure nous ont permis en particulier de
mettre en évidence de nouvelles structures CO à très petite échelle (milli-parsec) : il s’agit de gra-
dients d’émission très aigus à la fois spatialement et en vitesse, aux bords de régions où l’émis-
sion CO est relativement continue. Les gradients de vitesse locaux, jusque 780 km s−1 pc−1, sont
les plus grands jamais mesurés dans une région sans formation active d’étoile. Une interprétation
possible est que ces structures sont un lieu de dissipation de l’énergie turbulente à l’origine du
CO vu en émission.
4.3 Combiner les deux approches
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Depuis 2006, j’améliore avec H. Liszt et R. Lucas notre
compréhension de la transition du gaz diffus au gaz
sombre en combinant les deux approches sur les mêmes
régions du ciel. Ce qui rend vraiment fructueux cet exer-
cice est que les échelles spatiales échantillonnées par les
deux méthodes dans le plan du ciel sont très différentes.
La figure 4.1 montre par exemple le rougissement me-
suré à une résolution angulaire de 6 minutes d’arc en
fonction de la profondeur optique en HI mesurée en ab-
sorption devant des sources continuum qui ne sont pas
résolues (sauf exception) à 1 seconde d’arc avec l’inter-
féromètre du VLA. L’excellente corrélation (coefficient
de corrélation égal à 0.9) entre ces deux grandeurs me-
surées à des résolutions très différentes ne peut s’expli-
quer que de deux manières : soit le gaz HI ne présente pas
de structures, soit le gaz HI absorbant est bien mélangé
avec l’ensemble du gaz (atomique et moléculaire) tracé
par l’extinction visuelle [A6]. Ainsi, nous nous deman-
dons 1) quelle est la nature du nuage qui « héberge » la
ligne de visée étudiée en absorption et 2) si les propriétés
déduites par les études en absorption sont représentatives
des caractéristiques de ce nuage hôte.
0.1 1
1
10
100
EB-V [mag]
⌡⌠ τ
(H
 
I)d
v [
km
 s-
1 ]
No HCO+,CO
w/HCO+,CO
w/CO
+
-
1
FIG. 4.1 – Absorption par l’hy-
drogène atomique (résolution angu-
laire:< 1′′) en fonction du rougisse-
ment total mesuré dans la même di-
rection (résolution angulaire: ∼ 6′,
Schlegel et al. 1998).
Nous avons par exemple analysé une carte de 7◦ de champ de vue à une résolution de 3′
obtenue avec le télescope de NANTEN autour de la ligne de visée conduisant à l’étoile ζOph,
ligne de visée archétype des études du milieu diffus en optique [A11]. Nous avons montré que
l’étoile est occultée par un seul nuage hôte qui a une structure cinématique complexe et nullement
par deux nuages distincts comme les études en absorption le laissaient supposer : les études en
absorption ne capturent donc qu’une partie aléatoire des propriétés du nuage hôte. Ainsi, seule
une étude statistique d’un grand nombre de lignes de visée observées en absorption permet de
déduire le comportement intrinsèque du gaz diffus.
Nous avons aussi obtenu avec l’interféromètre du Plateau de Bure une carte de l’émission
de 12CO J=1–0 dans la direction du quasar NRAO150 sur un champ de vue de 100′′ × 100′′
à une résolution de 4′′ [A15]. Alors que les raies d’émission de 12CO J=1–0 font typiquement
2-3K à une résolution spatiale de l’ordre de la minute d’arc, nous avons obtenu ici des brillances
maximum de 12-13K parfois à moins de 6′′ de la direction de NRAO150. La présence de points
brillants aussi proches d’une ligne de visée diffuse est une réelle surprise car il n’est pas intuitif
a priori d’associer une faible extinction visuelle (Av ∼ 1mag) à une forte émission en CO.
4.4 La luminosity CO par molécule H2
Pendant les trois dernières années, nous avons imagé en 12CO J=1–0 les nuages hôtes d’en-
viron une dizaine d’autres lignes de visées à différentes latitudes galactiques avec le 30m de
l’IRAM et le 12m de l’Arizona Radio Observatory. Nous échantillonnons ainsi deux types de
4.4 LA LUMINOSITY CO PAR MOLÉCULE H2 21
lignes de visée : 1) des lignes de visée diffuses (Av ≤ 1) ; et 2) des lignes de visée classiquement
appelées sombres (Av ≥ 6). Les lignes de visées dites sombres se trouvent dans le plan de la
Galaxie : elles sont en fait composées d’un ensemble de nuages diffus, chaque nuage ayant une
extinction visuelle typique de 1. Par ailleurs, on observe des brillances de l’ordre de 10K dès
qu’on fait des cartes en émission, quelle que soit la latitude ou l’extinction visuelle. Ainsi, des
lignes de visée dont on croit habituellement qu’elles font partie de nuages moléculaires géants
sont en fait composées de gaz diffus [A6]. C’est possible car deux régimes physiques bien sépa-
rés produisent le même genre de brillance en 12CO J=1–0 (typiquement 10K) : d’une part, le
gaz diffus à cause d’une excitation subthermale dans un gaz tiède (30− 60K) et à faible densité
(< 300 − 500 cm−3) ; d’autre part, le gaz moléculaire thermalisé à basse température (< 20K)
et à haute densité (> 104 cm−3). Nous mettons ainsi en évidence aussi bien du gaz qui n’émet
pas en CO (gaz sombre) que du gaz qui émet plus de CO que son contenu en hydrogène ne le
laisse supposer (gaz surbrillant) [A1]. Le facteur de conversion CO-H2 reste néanmoins typique
parce que les luminosités CO par molécule de H2 et les facteurs de couverture en surface du CO
sombre ou surbrillant se compensent en moyenne.
Ces résultats sont d’une grande importance pour la compréhension 1) du gaz sombre détecté
par FERMI (Abdo et Fermi/LAT collaboration, ApJ 2010, 710, 133) et PLANCK (Planck Col-
laboration, 2011, ArXiv e-prints 1101.2029), et 2) de l’utilisation du facteur XCO = NH2/WCO
(WCO étant l’aire intégrée de l’émission CO) dans l’indicateur d’efficacité de la formation des
étoiles dans les galaxies extérieures (LFIR/MH2). Cette problématique est au cœur de plusieurs
conférences internationales sur le milieu interstellaire. Cela a par exemple permis de mettre en
évidence la contradiction entre nos mesures [C5, C1] et le résultats de modèles récents (Glover
et al. 2010, MNRAS, 404, 2-29). Cette contradiction provient d’une chimie inadaptée au milieu
diffus dans les modèles utilisés (Shetty et al. 2011, MNRAS, 412, 1686).
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ABSTRACT
Aims. The condensation of diﬀuse gas into molecular clouds and dense cores occurs at a rate driven largely by turbulent dissipation.
This process still has to be caught in action and characterized.
Methods. We observed a mosaic of 13 fields with the IRAM-PdB interferometer (PdBI) to search for small-scale structure in the
12CO(1−0) line emission of the turbulent and translucent environment of a low-mass dense core in the Polaris Flare. The large size
of the mosaic (1′ × 2′) compared to the resolution (4′′) is unprecedented in the study of the small-scale structure of diﬀuse molecular
gas.
Results. The interferometer data uncover eight weak and elongated structures with thicknesses as small as ≈3 mpc (600 AU) and
lengths up to 70 mpc, close to the size of the mosaic. These are not filaments because once merged with short-spacings data, the
PdBI-structures appear to be the sharp edges, in space and velocity-space, of larger-scale structures. Six out of eight form quasi-
parallel pairs at diﬀerent velocities and diﬀerent position angles. This cannot be the result of chance alignment. The velocity-shears
estimated for the three pairs include the highest values ever measured in regions that do not form stars (up to 780 km s−1 pc−1). The
CO column density of the PdBI-structures is in the range N(CO) = 1014 to 1015 cm−2 and their H2 density, estimated in several ways,
does not exceed a few 103 cm−3. Because the larger scale structures have sharp edges (with little or no overlap for those that are pairs),
they have to be thin layers of CO emission. We call them SEE(D)S for sharp-edged extended (double) structures. These edges mark
a transition, on the milliparsec scale, between a CO-rich component and a gas undetected in the 12CO(1−0) line because of its low
CO abundance, presumably the cold neutral medium.
Conclusions. We propose that these SEE(D)S are the first directly-detected manifestations of the intermittency of interstellar turbu-
lence. The large velocity-shears reveal an intense straining field, responsible for a local dissipation rate several orders of magnitude
above average, possibly at the origin of the thin CO layers.
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1. Introduction
Turbulence in the interstellar medium (ISM) remains a puz-
zle in spite of dedicated eﬀorts on observational and numeri-
cal grounds. This is because it is compressible, magnetized, and
multi-phase, but also because of the huge range of scales sep-
arating those of injection and dissipation of energy. Moreover,
because turbulence and magnetic fields are the main support of
molecular clouds against their self-gravity, turbulent dissipation
is a key process among all those eventually leading to star for-
mation (see the reviews of Elmegreen & Scalo 2004; Scalo &
Elmegreen 2004).
In molecular clouds, turbulence is observed to be highly su-
personic with respect to the cold gas. It is thus anticipated to
dissipate in shocks in a cloud-crossing time (i.e. ≈ a few 10 Myr
for giant molecular clouds of 100 pc with internal velocity dis-
persion of a few km s−1). Magnetic fields do not significantly
slow the dissipation down (Mac Low et al. 1998). Actually, this
? Based on observations obtained with the IRAM Plateau de Bure in-
terferometer and 30m telescope. IRAM is supported by INSU/CNRS
(France), MPG (Germany), and IGN (Spain).
is the basis of the turbulent models of star formation (Mac Low
& Klessen 2004) – one of the two current scenarii of low-mass
star formation – in which self-gravitating entities form in the
shock-compressed layers of supersonic turbulence.
However, while it is unquestionable that the ISM is regularly
swept by large-scale shock-waves triggered by supernovae ex-
plosions that partly feed the interstellar turbulent cascade (Joung
& Mac Low 2006; de Avillez & Breitschwerdt 2007), the small-
est scales, barely subparsec in these simulations, are still or-
ders of magnitude above the smallest observed structures and
are unlikely to provide a proper description of the actual dissipa-
tion processes. Whether turbulent dissipation occurs primarily in
compressive (curl-free) or in solenoidal (divergence-free) modes
in the interstellar medium has therefore to be considered as an
open issue.
An ideal target to study turbulent dissipation is the dif-
fuse molecular gas because it is the component in which dense
cores form, with less turbulent energy density than their envi-
ronment. The word “diﬀuse” here comprises all material in the
neutral ISM at large that is not in dense cores i.e. whose total
hydrogen column density is less than a few 1021 cm−2. This
Article published by EDP Sciences
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includes the mixture of cold and warm neutral medium (CNM
and WNM), the edges of molecular cloud complexes (also called
translucent gas), and the high latitude clouds. Diﬀuse gas builds
up a major mass fraction of the ISM. Actually, on the 30 pc
scale, Goldsmith et al. (2008) find that half the mass of the
Taurus-Auriga-Perseus complex lies in regions having H2 col-
umn density below 2.1 × 1021 cm−2.
Turbulent dissipation may also provide clues to the “out-
standing mysteries” raised by observations of diﬀuse molecular
gas (see the review of Snow & McCall 2006): the ubiquitous
small scale structure, down to AU-scales (Heiles 2007), the
remarkable molecular richness found in this hostile medium,
weakly shielded from UV radiation (e.g. Liszt & Lucas 1998;
Gredel et al. 2002), the bright emission in the H2 pure rota-
tional lines exceeding the predictions of photon-dominated re-
gion (PDR) models (Falgarone et al. 2005; Lacour et al. 2005),
the 12CO small-scale structures with a broad range of tempera-
tures, H2 densities and linewidths that preclude a single interpre-
tation in terms of cold dense clumps (Ingalls et al. 2000, 2007;
Heithausen 2004, 2006; Sakamoto & Sunada 2003).
The present paper extends the investigation of turbulence
down to the mpc-scale in the translucent environment of a low-
mass dense core of the Polaris Flare. Over the years, this inves-
tigation has progressed along three complementary directions:
(i) A two-point statistical analysis of the velocity field traced
by the 12CO line emission, and conducted on maps of in-
creasing size. Using numerical simulations of mildly com-
pressible turbulence, Lis et al. (1996) and Pety & Falgarone
(2003) first proposed that the non-Gaussian probability dis-
tribution functions (pdfs) of line centroid velocity incre-
ments (CVI) be the signatures of the space-time intermit-
tency of turbulence1 because the extrema of CVI (E-CVI)
trace extrema of the line-of-sight average of the modulus
of the plane-of-the-sky (pos) vorticity. Statistical analysis
conducted on parsec-scale maps in two nearby molecular
clouds have revealed that these extrema form parsec-scale
coherent structures (Hily-Blant et al. 2008; Hily-Blant &
Falgarone 2009, resp. Paper III, HF09).
(ii) A detailed analysis (density, temperature, molecular abun-
dances) of these coherent structures, based on their molec-
ular line emission. The gas there is more optically thin in
the 12CO lines, warmer and more dilute than the bulk of
the gas (Hily-Blant & Falgarone 2007, hereafter Paper II),
and large HCO+ abundances, unexpected in an environment
weakly shielded from UV radiation, have been detected
there (Falgarone et al. 2006, Paper I).
(iii) Chemical models of non-equilibrium warm chemistry trig-
gered by bursts of turbulent dissipation (Joulain et al. 1998).
The most recent progresses along those lines include the
chemical models of turbulent dissipation regions (TDRs)
by Godard et al. (2009) and their successful comparison to
several data sets, among which new submillimeter detec-
tions of 13CH+(1−0) (Falgarone et al., in preparation).
1 Intermittency here refers to the empirical property of high Reynolds
number turbulence to present an excess of rare events compared to
Gaussian statistics, this excess being increasingly large as velocity fluc-
tuations at smaller and smaller scales are considered (see the review
of Anselmet et al. 2001). Although the origin of intermittency is still an
open issue (but see Mordant et al. 2002; Chevillard et al. 2005; Arnéodo
et al. 2008), it is quantitatively characterized by the anomalous scal-
ing of the high-order structure functions of the velocity and the shape
of non-Gaussian pdfs of quantities involving velocity derivatives (e.g.
Frisch 1995).
Fig. 1. The location of the 13-field mosaic observed at the Plateau
de Bure interferometer (centered at RA = 01:55:12.26 and Dec =
87:41:56.30) is shown as the box on top of the integrated emission of
the 12CO and 13CO (J = 1−0) maps obtained at the IRAM-30m. This
is a place of low, almost featureless, CO line brightness. The arc-like
structure visible in 13CO traces the outer layers of the low-mass dense
core. Contour levels are shown in the wedges.
The 12CO(J = 2−1) observations of the Polaris Flare with un-
precedented angular resolution and dynamic range are the first
to evidence the association between extrema of CVI and ob-
served velocity-shears2 (HF09). No shock signature (density
and/or temperature enhancement, SiO detection) has been found
in the coherent structure of E-CVI identified in the Polaris Flare
(Hily-Blant and Falgarone, in preparation). All the above sug-
gest (but does not prove yet) that the coherent structures carrying
the statistical properties of intermittency are regions of intense
velocity-shears where dissipation of turbulence is concentrated.
The 12CO(1−0) observations reported in this paper have been
performed in a field located on one branch of the Polaris Flare
E-CVI structure, in the translucent and featureless environment
of a dense core (Fig. 1). The outline of the paper is the following:
the observations and data reduction are described in Sect. 2. The
observational results are given in Sect. 3. The characterization
of the emitting gas is made in Sect. 4 and we discuss, in Sect. 5,
the possible origin and nature of the CO structures that we have
discovered. Section 6 puts our results in the broad perspective
provided by other data sets and Sect. 7 compares them to chem-
ical model predictions and numerical simulations of turbulence.
The conclusions are given in Sect. 8.
2. IRAM Plateau de Bure Interferometer
observations
We used the IRAM Plateau de Bure Interferometer (PdBI) to
image, at high angular resolution and in the 12CO (J = 1−0)
line, a region of ∼1′ × 2′ in the translucent environment of a
dense core in the Polaris Flare (Heithausen 1999; Heithausen
et al. 2002). The location of the target field is shown in Fig. 1
as a rectangle on larger scale, single-dish maps of integrated
12CO(J = 1−0) and 13CO(J = 1−0) emission from (Falgarone
et al. 1998, hereafter F98). The average column density in this
region (∼1021 cm−2) is about 100 times smaller than in the cen-
tral parts of the dense core (∼1023 cm−2), 3 arcmin westwards.
The average integrated 13CO intensity over the mosaic area is
weak W(13CO) = 2 K km s−1.
2 We use velocity-shear rather than velocity-gradient because the ob-
servations provide cross-derivatives of the velocity field, i.e. the dis-
placement measured in the plane-of-the-sky (pos) is perpendicular to
the line-of-sight velocity.
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Table 1. Observation parameters. The projection center of all the data displayed in this paper is: α2000 = 01h55m12.26s, δ2000 = 87◦41′56.30′′ .
Molecule Transition Frequency Instrument Config. Beam PA Vel. Resol. Int. Time Noise
GHz arcsec ◦ km s−1 hours K
12CO (J = 1−0) 115.271195 PdBI C&D 4.4 × 4.2 80 0.1 65.2/180a 0.23b
115.271195 30m — 21.3 0 0.1 —/— 0.40
13CO (J = 1−0) 110.201354 30m — 22.3 0 0.1 —/— 0.19
a Two values are given for the integration time: the 5 antennae array equivalent on-source time and the telescope time.
b The noise value quoted here is the noise at the mosaic phase center.
2.1. Observations
The observations dedicated to this project were carried out in
1998 and 1999 with the IRAM interferometer at Plateau de
Bure in the C and D configurations (baseline lengths from 24 m
to 161 m). One correlator band of 10 MHz was centered on
the 12CO (J = 1−0) frequency to cover a ∼23 km s−1 band-
width with a channel spacing of 39 kHz, i.e. ∼0.1 km s−1. Four
additional correlator bands of 160 MHz were used to mea-
sure the 2.6 mm continuum over the 500 MHz instantaneous
IF-bandwidth then available.
We observed a 13-field mosaic centered on α2000 =
01h55m12.26s, δ2000 = 87◦41′56.30′′. The field positions fol-
lowed a compact hexagonal pattern to ensure Nyquist sampling
in all directions and an almost uniform noise over a large frac-
tion of the mosaic area (see Fig. A.1 of Appendix A). The im-
aged field-of-view is about a rectangle of dimension of 85′′ ×
130′′ oriented at a position-angle of 15◦ (because the (RA, Dec)
PdBI field was selected in maps made in (l, b) coordinates).
Polaris being a circumpolar source, this project was a good
time-filler. It was thus observed at 22 diﬀerent occasions, giving
a total of about 180 hours of telescope time with most often 3 or
4 antennas and rarely 5 antennas. Taking into account the time
for calibration and data filtering this translates into on-source
integration time of useful data of 65.2 h for a full 5-antenna ar-
ray. The typical 2.6 mm resolution of these data is 4.3′′. The
data used to produce the missing short-spacings are those of the
IRAM key-program, fully described in F98 (see also Table 1).
2.2. Data reduction
The data processing was done with the GILDASf3 software suite
(Pety 2005). Standard calibration methods implemented in the
GILDAS/CLIC program were applied using close bright quasars
as calibrators. The calibrated uv tables were processed through
an Hanning filter which spectrally smoothed the data (to increase
the intensity signal-to-noise ratio) while keeping the same veloc-
ity/frequency channel spacing.
All other processing took place into the GILDAS/MAPPING
software. Following Gueth et al. (1996), the single-dish map
from the IRAM-30m key program were used to create the short-
spacing visibilities not sampled at the Plateau de Bure. These
were then merged with the interferometric observations. Two
diﬀerent sets of uv tables (i.e. with and without short-spacings)
were then imaged using the same method. Each mosaic field was
imaged and a dirty mosaic was built combining those fields in the
following optimal way in terms of signal-to-noise ratio (Gueth
2001)
J(α, δ) =
∑
i
Bi(α, δ)
σ2i
Fi(α, δ)
/∑
i
Bi(α, δ)2
σ2i
·
3 See http://www.iram.fr/IRAMFR/GILDAS for more information
about the GILDAS softwares.
In this equation, J(α, δ) is the brightness distribution in the dirty
mosaic image, Bi are the response functions of the i primary
antenna beams, Fi are the brightness distributions of the indi-
vidual dirty maps and σi are the corresponding noise values.
As may be seen in this expression, the dirty intensity distribu-
tion is corrected for primary beam attenuation, which makes the
noise level spatially heterogeneous. In particular, noise strongly
increases near the edges of the field of view. To limit this eﬀect,
both the primary beams used in the above formula and the result-
ing dirty mosaics are truncated. The standard level of truncation
is set at 20% of the maximum in MAPPING.
Deconvolution methods were diﬀerent for both data sets (i.e.
with and without short-spacings). The dirty image of the PdBI-
only data was deconvolved using the standard Clark CLEAN al-
gorithm. One spatial support per channel map was defined by
selecting positive regions on the first clean image which was ob-
tained without any constraint. This geometrical constraint was
then used in a second deconvolution. While it can bias the result,
this two-step process is needed when deconvolving interfero-
metric observations of extended sources without short-spacings.
Indeed, the lack of short-spacings implies (among other things)
a zero valued integral of the dirty beam and dirty image, which
in turn perturbs the CLEAN convergence when the source is ex-
tended because the algorithm searches as many positive as neg-
ative CLEAN components. The only way around is to guide the
deconvolution by the definition of a support where the signal
is detected. On the other hand, the deconvolution of the com-
bined short-spacings and interferometric uv visibilities can pro-
cess blindly (i.e. without the possible bias of defining a support
where to search for CLEAN components). This is what has been
done and the good correlation of the structures seen in the de-
convolved images of the data with and without short-spacings
(see Figs. 4 and 5) gives us confidence in our deconvolution of
the PdBI-only data.
The two resulting data cubes (with and without short-
spacings) were then scaled from Jy/beam to Tmb temperature
scale using the synthesized beam size (see Table 1). Final noise
rms measured at the centered of the mosaic is about 0.23 K in
both data cubes.
3. Observational results
3.1. PdBI structures: sharp edges of extended structures
At the adopted cloud distance of d = 150 pc, 1′′ corresponds
to 0.75 mpc or 150 AU, so that the spatial resolution of the
PdBI data is 3.2 mpc or 660 AU.
The integrated emission detected with the PdBI is displayed
in Fig. 2 (left panel), with the corresponding signal-to-noise ra-
tio (right panel). The integrated emission covers most of the
mosaic area. This is no longer true when this emission is dis-
played in velocity slices (Fig. 3, top panels). Several distinct
structures are detected in addition to the bright CO peak, at
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Fig. 2. Map of integrated emission of the PdBI data (top left), and
signal-to-noise ratio (top right) for the 12CO (J = 1−0) line. Same for
the 3 mm continuum emission (bottom panels). The synthesized beam
is shown in the bottom left inserts.
velocities [−3.1, −2.3] km s−1. Most are weak (the first level in
the PdBI channel maps of Fig. 3 is 3σ) but they extend over
many contiguous synthesized beams (10 to 30).
The PdBI data merged with the short-spacings provided by
the 30m telescope and the 12CO(1−0) emission detected by the
IRAM-30m telescope are displayed in the same velocity-slices,
for comparison, in Fig. 3, central and bottom panels respec-
tively. Most of the structures seen by the PdBI lie at the edge
in space and in velocity space of extended emission present
in the single-dish channel maps. This property is most visi-
ble for the two structures in the north-west of the mosaic over
[−4.8, −4.4] km s−1 and [−2, −1.2] km s−1, and in the central
region at v = −2.8 km s−1. It is even better seen by compar-
ing the single-dish maps before and after combination with the
PdBI data. The single-dish maps are changed in two-ways: the
structures exhibit sharper, more coherent boundaries and these
boundaries extend further in velocity-space (e.g. channels −4.7
and −2.3 km s−1). In a given channel of width Δvc, the size of
the detected structures in the CO emission Δxc is inversely pro-
portional to the velocity-shear,Δxc = Δvc/(∂vLSR/∂xpos). Hence,
the detection of small-scale structures at the edge of the velocity
coverage of larger-scale structures may be favored by an increase
of the velocity shear at these edges.
The fact that these structures appear both in PdBI-only data
and in combined (PdBI+30m) data gives confidence in their re-
ality, independently of the deconvolution techniques.
In summary, the interferometer is sensitive by construction to
small-scale (i.e. sharp) variations of the space-velocity CO dis-
tribution. It happens that the sharp structures detected by the in-
terferometer lie at the edge in space and velocity of regions of
shallow CO emission that extend over at least arcminutes, as dis-
played in the 30m channel maps. The PdBI-structures are there-
fore the sharp edges of extended structures.
3.2. Observed characteristics of the PdBI structures
We have identified eight structures in the space-velocity
12CO(J = 1−0) PdBI data cube that are well separated from one
another in direction and in velocity. They are shown in Fig. 4,
each drawn over its proper velocity range. The right panels show
the PdBI data combined with 30m data over the same velocity
ranges to further illustrate that the PdBI filtering emphasizes the
sharpness of the edge of the space-velocity structures. Figure 4
also shows that the single-dish structures cover a large fraction
of the mosaic area. For instance, in the case of structure #1, the
single-dish structure extends over the whole southern half of the
mosaic, while for structure #5 it almost covers the northern half.
The observed properties of the 8 PdBI structures are given in
Table 2. The peak 12CO(J = 1−0) temperature is that detected by
the PdBI, therefore the excess above the extended background,
resolved out by the PdBI. The size θ1/2 is the half-power thick-
ness of the elongated structures, deconvolved from the beam
size. The projected thickness, in mpc, is called l⊥ by opposition
to the unknown depth along the line-of-sight (los), called l‖. The
position-angle PA is that of the direction defined, within ±10◦,
by the three brightest pixels of each structure. When they are not
aligned, as in the case of #8, we determine a direction with the
meaning of a least-square fit. It corresponds to an average PA
over the detected structure that does not take into account the
substructure visible in Fig. 6 for instance. Because of their dif-
ferent velocity width and CO line temperature, the CO integrated
brightness of the eight structures varies by a factor 25.
Most of the PdBI-structures are elongated and straight with
diﬀerent position-angles in the sky. Interestingly, they do not
shadow each other in space and in velocity space (i.e. each fills
only a small area of the mosaic in a small velocity interval, and
the positions and areas of the detected structures are diﬀerent).
Their cumulative surface filling factor in the mosaic field is large,
fS ≈ 0.5 (Fig. 2), i.e. fS = 0.6 for the structures detected at more
than 1-sigma and fS = 0.3 for 3-sigma detections. However, the
fraction of the single-dish power (integrated over the mosaic)
seen by the PdBI in the 12CO(1−0) line is low. It depends on
the velocity interval: it varies between 2% in the 12CO line-core
(defined as the velocity range, [−5.0, −3.5] km s−1, over which
the single-dish 13CO/12CO is the largest, see F98), and 6% in the
line-wings. Figure 5 displays the emission profile of the 8 PdBI-
structures with the single-dish 12CO and 13CO(J = 1−0) emis-
sions over the same area (defined by the polygons of Fig. 4).
Last, the PdBI-structures cover the full velocity range of
the single-dish CO line (see bottom panel of Fig. 5) including
the far line-wings (e.g. structure #2 at −5.5 km s−1). Note how-
ever that the spectrum integrated over the whole mosaic peaks
at −3 km s−1, in the wing of the single-dish 12CO line while its
minimum, around −4.5 km s−1, coincides with the peak of the
single-dish 13CO line (i.e. line core). The broad velocity distri-
bution of the PdBI-structures within the single-dish line cover-
age ensures that they are not artefacts of radiative transfer. If they
were, they would appear preferentially at extreme velocities be-
cause CO photons escape probability is larger there. There may
be a small eﬀect since the power fraction in the line-wings is
slightly larger than in the line-core, but these fractions are a
few percent in each case. The structures found are therefore real
edges in space and velocity-space of larger structures.
In this respect, it is interesting to place each PdBI-structure
in its 12CO(1−0) larger-scale environment at the appropriate ve-
locity (Fig. 8). The PdBI-structures, marked as polygons, lie at
the edge of structures that extend beyond the field of the mosaic,
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Fig. 3. From top to bottom, maps of the PdBI, PdBI+30m and 30m of 12CO(1−0) emission integrated over the same velocity slices of 0.3 km s−1
centered as indicated.
up to ∼300′′ or 0.2 pc. In the case of structures #3, #4 and #5, the
orientation of the edges of the large-scale patterns is more visible
in the 13CO(1−0) maps (Fig. 9), likely because of the 12CO(1−0)
optical depth. This coincidence strongly suggests that the
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Table 2. Spatial and kinematic characteristics of the 12CO PdBI-only structures.
Structure vmin vmax Δv1/2 Tpeak W(CO) θ1/2 l⊥ a PA nmaxH2 b
km s−1 km s−1 km s−1 K K km s−1 arcsec mpc ◦ cm−3
1 –5.7 –5.2 0.1 0.6 0.06 4 3.0 109 1000
2 –5.6 –5.4 0.2 1.8 0.36 10 7.5 173 2400
3 –5.2 –4.8 0.2 2.4 0.48 9 6.8 62 3200
4 –4.3 –4.1 0.1 1.2 0.12 8 6.0 59 1000
5 –3.4 –2.6 0.4 4 1.6 12 9.0 91 8900
6 –3.4 –2.6 0.25 1.2 0.3 10 7.5 161 2000
7 –3.2 –3.0 0.15 1.2 0.18 15 11.3 173 800
8 –1.7 –1.3 0.15 1.2 0.18 9 6.8 59 1200
a Projected thickness of the filamentary structures deconvolved from beam size; b upper limit because computed as nH2 = N(H2)/l⊥ instead of
using l‖ with N(H2) derived from W(CO) (see text).
Fig. 4. The 8 structures described in Table 1. Left panels: PdBI-only 12CO(1−0) emission integrated over the indicated velocity interval appropriate
to each structure. Right panels: same for the combined PdBI+30m mission. The polygons show the area over which the CO spectra of Fig. 5 are
computed.
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Fig. 5. Comparison of spectra integrated over either the polygons defined in Fig. 4 and the whole mosaic. The 12CO and 13CO (J = 1−0) single-
dish spectra are shown resp. in light and darker grey, while the PdBI only 12CO (J = 1−0) spectra is shown in black. 13CO amplitude have been
multiplied by a factor of two and PdBI only 12CO amplitude by a factor of 10. Note that i) only a small fraction of the single-dish flux is recovered
at PdBI and ii) the centroid velocities of the small-scale structures are all, but one, outside that of the 13CO peak.
orientation of the PdBI-structures is not only real but also rooted
in the larger-scale environment.
3.3. Pairs of parallel structures
One of the most challenging finding of this study is the fact
that among the eight elongated PdBI-structures, six form 3
close pairs (separated by less than 20′′ in projection) of struc-
tures parallel within ±10◦ (Table 2 and Fig. 4). These are the
pairs of structures [#3, #8], [#1, #5] and [#6, #7]. The average
position-angles of each pair PA = 60, 100 and 168◦ are all dif-
ferent. Since the structures (at least in the two first pairs) are at
diﬀerent velocities, they are not due to artefacts of the deconvo-
lution process.
The probability of a chance association of these three pairs in
the field of the mosaic is estimated to be at most 4 × 10−9. It is the
cube of the probability of having one close pair of parallel struc-
tures. The latter is the product of the probability, equal to 5.4 ×
10−3, that two, out of eight, randomly oriented straight struc-
tures be aligned within ±10◦ of each other (i.e. be together in a
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Fig. 6. Structures #3 at −5 km s−1 and #8 at −1.5 km s−1 overplotted
(resp. black and red contours) to display their close spatial correlation.
solid angle ΔΩ = 0.1 sr), by that (ranging between 0.2 and 0.3
depending on the orientation of the pair) to be separated in pro-
jection by less than 20′′ in a mosaic of 1′ × 2′. The probability
of a chance association is only slightly underestimated if one
considers the structure #8 that is not straight, strictly speaking.
Since the probability of a chance association of the observed
pairs is so low, we infer that the pairs are real associations. This
physical connexion is supported by the detail of the spatial dis-
tribution of the 12CO emission integrated over the two velocity
ranges of structures #3 and #8 in Fig. 6: the hole, in the low-
velocity emission is filled in by high-velocity emission, while a
common average orientation exists over ∼1′ for the pair.
Two position-velocity cuts (Fig. 7) across the pair [#3, #8]
further illustrate what is meant by sharp edges and real associa-
tion. The cut across the PdBI-only data cube (left panel) shows
two CO peaks centered at oﬀset positions 40′′ (resp. 46′′) and
velocities −4.9 km s−1 (resp. −1.6 km s−1) for the low- and high-
velocity component respectively. These resolved peaks are lo-
cated exactly at the terminal pixels of the larger-scale structures
visible at the same velocities in the cut across the PdBI+30m
data cube (right panel). On this cut, the low-velocity component
may be followed over all oﬀsets below ≈46′′, while the high-
velocity component is visible at all oﬀsets above ≈40′′. This cut
also illustrates a clear diﬀerence between the two velocity com-
ponents: the velocity of structure #3 (peak at −5 km s−1 in the
PdBI spectrum of Fig. 5) falls within the velocity coverage of
the bright extended gas (12CO and 13CO line core in the single-
dish spectra) while that of structure #8 (peak at −1.5 km s−1 in
the PdBI spectrum of Fig. 5) is not blended with any other emis-
sion in that extreme velocity range and appears as a weak emis-
sion in the single-dish spectrum (i.e. a line-wing). Such blend-
ings in space and velocity projections with extended components
resolved out by the PdBI observations (Fig. 7, right panel)
explain why such pairs of structures are so diﬃcult to recog-
nize in single-dish observations or low sensitivity interferomet-
ric observations.
The PdBI-structures cannot therefore be understood as iso-
lated entities. Not only are they the sharp edges of larger
CO-structures seen in the single-dish maps but also 6 out of 8 of
these edges are paired. In the following, we will call the CO ex-
tended structures bounded by sharp edges either sharp-edged
extended structures (SEES) or sharp-edged extended double
structures (SEEDS) when they belong to a pair, to emphasize
this essential property.
3.4. Velocity shears
The pairs being real associations, we ascribe a velocity-shear to
each of them. The projected separation δl⊥ and velocity diﬀer-
ence δvLSR between the low- and high-velocity components of
each pair provide a measure of the velocity-shear δvLSR/δl⊥. We
cannot determine whether this measure is a lower or upper limit
of the true velocity-shears because of the projection eﬀects: both
the separation measured in the pos and the velocity diﬀerence
are lower limits.
The results are given in Table 4. The method used is illus-
trated in Fig. 7 (left panel) for the pair [#3, #8]: the projected
separation between the low- and high-velocity components is 6′′
or 4.5 mpc while the velocity separation is 3.5 km s−1, hence
a velocity-shear of 777 km s−1 pc−1, the largest ever measured
in CO emission in a molecular cloud devoid of star forma-
tion activity. These values correspond to an average over sev-
eral positions along the shear direction, including those where
the two velocity components partially overlap. The separation
is therefore slightly underestimated by the averaging. Note that
one pair only, [#6, #7], has a very small velocity-shear, proba-
bly because, in that case, the two velocity components involved
in the shear are mostly in the pos. A rate-of-strain, defined as
a = 12δvLSR/δl⊥, and timescale τ = a
−1
, are also given to help
comparison with chemical models (Sect. 7). The large observed
velocity-shears translate into timescales as short as a few 103 yr,
if the Lagrangian and Eulerian views of the fluid can be ex-
changed (see Mordant et al. 2002).
3.5. The SEE(D)S are layers of CO emission
The small-scale structures detected by the PdBI have properties
never seen before because the present observations are most sen-
sitive and the field of view is large in comparison to the reso-
lution: (1) they are not clumps, but elongated structures, only
bounded by the limited size of the mosaic; (2) they all mark a
sharp fall-oﬀ of the CO emission in selected velocity ranges:
they are not isolated filaments, but the sharp edges (3 to 11 mpc
in projection), simultaneously in space and velocity-space, of
larger structures, the SEE(D)S, extending beyond the mosaic
(l > 0.2 pc); (3) six of these form three pairs of parallel struc-
tures at diﬀerent velocities, with a small projected separation
and the velocity-shears estimated for two of these pairs, several
100 km s−1 pc−1, are the largest ever measured in non-star form-
ing clouds.
If the SEE(D)S were CO-emitting volumes (i.e.
3-dimensional structures in space) of characteristic dimen-
sion l, their edges would be surfaces commensurate with l2.
In projection, these edges would appear as surfaces, also
commensurate with l2 for a random viewing angle. Only if
these surfaces were plane and viewed edge-on (within ±5 deg
for a projected size less than one tenth of their real size) would
these edges appear as thin elongated structures. We rule this
out on statistical grounds: the mere fact that we detect 8 sharp
CO-edges in the small field-of-view of the PdBI observations
suggests that it is not a rare configuration and that the eight
sharp CO-edges are seen from random viewing angles. We thus
infer that the SEE(D)S are CO-layers, rather than volumes and
that their thickness is ∼10 mpc or less, on the order of the width
of the PdBI-structures.
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Fig. 7. Position-velocity diagrams across the pair of structures [#3, #8]. Left: cut across the PdBI-only map. Center: rotated PdBI channel-map
[−1.7, −1.3] km s−1, showing the direction and distance (horizontal size of the box) over which the CO emission is averaged for the cut. The cut
runs from the southern to northern edge of the box. Right: same across the PdBI+30m data cube.
Fig. 8. Integrated maps of the same velocity range as that defined in
Fig. 4 of the 12CO (J = 1−0) emission observed at the IRAM-30m.
Green crosses delimit the mosaic position and the red polygon as de-
fined in Fig. 4 shows the position of the elongated structures detected
at PdBI.
Fig. 9. Same as Fig. 8 except that the single dish map is that of
13CO (J = 1−0).
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This statistical argument is reinforced by the presence of
pairs. The SEEDS are structures that have sharp edges with
only small or null overlaps. If their interface were 2-dimensional
(i.e. if the SEEDS were volumes), the small overlap would oc-
cur only for an edge-on viewing, an unlikely case. Their inter-
face is therefore 1-dimensional rather than 2-dimensional and
the SEEDS are layers of CO emission. This ensures that un-
der any viewing angle the two extended velocity components
are detected with only a narrow or null spatial overlap in projec-
tion. The SEEDS could still be be 3-dimensional pure velocity-
structures, where large velocity-shears produce sharp edges
in channel maps of finite spectral resolution (see Sect. 3.1).
However, with the same statistical argument as above, concern-
ing density structures, we rule out the possibility that the SEEDS
be 3-dimensional velocity structures. These must be CO layers.
In summary, the sharpness of the edges of the SEE(D)S, as-
sociated with the fact that we detect 8 cases in the mosaic and
three close-pairs that do not overlap in space, implies that the
SEE(D)S are thin layers of CO emission rather than volumes.
4. Gas density of the PdBI-structures
4.1. Estimates from CO line emission
Because of the elongated shape of most of the structures and the
fact that they are edges of more extended emission, we have not
tried to decompose the observed emission using clump finding
algorithms such as GAUSSCLUMP (Stutzki & Guesten 1990).
We estimate below the gas density in these structures in two in-
dependent ways and compare the results to those inferred from
the dust continuum emission.
First, we compute upper limits of the H2 densities (Table 2)
by adopting the CO-to-H2 conversion factor X = 1.56 ± 0.05 ×
1020 cm−2 (K km s−1)−1 (Hunter et al. 1997) so that nH2 =
5 × 104 cm−3 W(CO)/lmpc, for a los depth equal to the pro-
jected thickness l⊥. Since we are observing edges of layers (see
Sect. 3.2), the inferred densities are overestimated by the un-
known factor l‖/l⊥. The upper limits of the H2 densities derived
from the galactic CO to H2 conversion factor (Table 2) vary by
a factor 10 only.
Alternatively, one may use a LVG analysis to estimate the
gas properties in these structures. Two assumptions are made:
(1) the CO emission is not beam-diluted and (2) the excitation is
assumed to be the same as measured in the same field with the
IRAM-30m so that we adopt the line ratio R(2−1/1−0) = 0.7 ±
0.1 (Falgarone et al. 1998; Hily-Blant et al. 2008). This value
may be representative of the excitation of translucent molecu-
lar gas because the same line ratio is found in diﬀerent observa-
tions sampling a similar kind of molecular gas (Pety et al. 2008).
Under these conditions, the CO column densities per unit veloc-
ity are very well determined for all line temperatures. They are
given in Table 4 for the brightest, weakest, and most common
CO peak temperature observed. The inferred CO column den-
sities diﬀer by only a factor 10 to 16 between the brightest and
weakest structure.
Table 4 also gives the range of gas kinetic temperatures
and associated range of densities, thermal pressures Pth/k and
CO abundances of possible solutions. The range of tempera-
tures is bounded towards high values by the thermal width of the
CO lines (Tk < 250 K for the broadest line, <35 K for the nar-
rowest). Solutions colder than 10 K are unlikely because the gas
is poorly shielded from the ambient ISRF. The CO optical depth
is therefore smaller than a few, in agreement with the results of
Paper II. A similar conclusion has been derived by Heithausen
(2006) after he failed to detect the 13CO and C18O(J = 1−0)
line with the PdBI in a nearby small-area molecular structure
(SAMS) field.
Each set of H2 density and kinetic temperature in the
LVG solutions, corresponds to a product X(CO)l‖ where X(CO)
is the CO abundance relative to H2. The range of CO abundances
inferred from the LVG computations are given in Table 2 for
l‖ = l⊥. They may be overestimated by the unknown ratio l‖/l⊥.
Table 4 shows the range of possible H2 densities derived
from the LVG analysis for gas temperatures between 10 K and
200 K at most. The comparison of these values with the upper
limits inferred from the CO-to-H2 conversion factor (Table 2)
provides narrower H2 density ranges, nH2 = 800 to 103 cm−3,
and 300 to 2 × 103 cm−3, for the weakest and most common
structures respectively. In spite of all the uncertainties, the two
methods infer consistent H2 densities that do not exceed 3 ×
103 cm−3. Moreover, whether the gas is cold or warm, its ther-
mal pressure is about the same, within a factor of a few, and is in
harmony with that inferred from carbon line observations in the
local ISM that has an average of Pth/k ∼ 3 × 103 K cm−3 with
fluctuations up to ∼105 K cm−3 (Jenkins & Tripp 2007).
4.2. Estimates from the dust continuum emission
In addition to 12CO lines, we have detected continuum emission.
This emission is close to the noise level, except for the large
bright spot associated to the 12CO peak of emission. A com-
parison of the continuum emission with the CO contour levels
(Fig. 2) suggests that the elongated feature of continuum emis-
sion in the north-western corner of the mosaic is also real.
On the basis of the coincidence of the peaks of the 12CO
and continuum emission in the mosaic, we ascribe the contin-
uum emission to thermal dust emission. The average continuum
brightness over the 12CO peak (Fig. 2) is 2 ± 1 mJy/beam, hence
Icont = 1 ± 0.5 × 10−20 erg cm−2 s−1 sr−1 Hz−1. The dust opacity,
τd = Icont/Bν(Td), depends on the dust temperature. We adopt
a dust emissivity τd = 8.7 × 10−26(λ/250 μm)−2 NH, deduced
from COBE data for dust heated by the ambient interstellar radi-
ation field (ISRF) (Lagache et al. 1999). For Td = 10 K and
ν = 115 GHz, we find τd = 3.2 × 10−7 and NH = 4.0 ×
1020 cm−2 across the peak. For Td = 17 K, the most plausible
value in translucent gas of the Solar Neighborhood, this value
would be lower by a factor 2 and for Td = 8 K it would be
larger by 40%, providing the range NH = 2.0 × 1020 to 5.6 ×
1020 cm−2 for high and low dust temperatures, respectively. This
estimate of NH may be compared to that inferred from 12CO in
the previous section. If we allow for a column density of atomic
hydrogen comparable to that of H2, as found in the Polaris Flare
by Heithausen & Thaddeus (1990), the total H column density
inferred from CO for the peak of structure #5 ranges between
NH = 3N(H2) = 2 × 1019 to 2.4 × 1020 cm−2 for the warm and
cold solutions respectively (assuming a size of 9 mpc). The two
ranges of values would overlap for a depth a few times larger
than the observed projected size, allowing for warm and mod-
erate density solutions where the dust temperature is lower than
that of the gas. Given the many uncertainties in the diﬀerent steps
(the questionable validity of the CO line analysis, the knowl-
edge of dust emissivity and temperature), the consistency be-
tween these two independent estimates is encouraging and we
are confident that we have detected the dust thermal emission of
the brightest small-scale structure and that its H2 density is not
higher than a few 103 cm−3.
Aside from the peak, the rest of the structures have column
densities a few times smaller and their dust continuum emission
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Table 3. Spatial and kinematic characteristics of the three pairs of parallel PdBI-only structures.
Pair v1 v2 δvLSR δl⊥ a δv/δl⊥ a b τ c l d
km s−1 km s−1 km s−1 mpc km s−1 pc−1 s−1 yr mpc
#3, #8 –5.0 –1.5 3.5 4.5 777 1.3 × 10−11 2.5 × 103 45
#1, #5 –5.4 –3.0 2.4 9.0 267 4.5 × 10−12 4 × 103 45
#6, #7 –3.0 –3.1 0.1 16 6 10−13 3 × 105 40
a Averaged separation between the PdBI CO peaks; b a = 12δv/δl⊥;
c τ = a−1; d length over which the structures are parallel within ±10◦.
Table 4. Results of LVG radiative transfer calculations for representative observed values (see Table 2).
Tpeak N(CO)/Δv a Δv N(CO) Tk range nH2 range b Pth/k range b X(CO) range b
K cm−2/km s−1 km s−1 cm−2 K cm−3 K cm−3 ×10−5
brightest 4 3–4 × 1015 0.4 1.2–1.6 × 1015 10–200 3 × 103–250 3–5 × 104 2–20
most common 1.2 1.5 × 1015 0.2 3 × 1014 10–140 8 × 103–300 8–4 × 104 0.16–4
weakest 0.6 1.0 × 1015 0.1 1.0 × 1014 7–35 1 × 104–800 7–3 × 104 0.11–1.4
a Assuming R(2−1/1−0) = 0.7 ± 0.1; b the LHS (resp. RHS) values correspond to the lowest (resp. highest) gas temperature.
is expected to lie closer to the noise level. In addition, the sur-
face filling factor of the 12CO structures being large in the central
area of the mosaic, the PdBI visibility of the continuum emis-
sion of individual structures is expected to be highly reduced
compared to that of the line which takes advantage of velocity-
space. This may be the reason that the continuum emission and
the 12CO emission do not coincide elsewhere: the continuum
emission is more heavily filtered out by the interferometer than
the 12CO emission.
5. What are the SEE(D)S?
5.1. Manifestations of the small-scale intermittency
of turbulence
The two largest velocity-shears given in Table 3 are more than
two orders of magnitude larger (within the uncertainties due to
projections) than the average value of 1 km s−1 pc−1 estimated
on the parsec scale in molecular clouds (Goldsmith & Arquilla
1985). The velocity field in these two SEEDS therefore sig-
nificantly departs from predictions based on scaling laws ob-
tained from 12CO(1−0) in molecular clouds, such as that shown
in Fig. 10. In spite of a significant scatter of the data points,
a power law δvl ∝ l1/2 characterizes the increase of the velocity
fluctuations with the size-scale l, at least above ∼1 pc. Below
that scale-length, the scatter increases and a slope 1/3 would not
be inconsistent with the data. According to the former scaling,
the velocity-shear should increase as l−1/2, therefore by no more
than 1401/2 = 12 between 1 pc and 7 mpc. If the other scal-
ing is adopted, this factor becomes 1402/3 = 26. Now, the ob-
served shears increase by more than two orders of magnitude
between these two scales. This is conspicuous in Fig. 10 where
the 8 PdBI-structures of Table 2 are plotted either individually
or as pairs (i.e. as they would be characterized if the spatial res-
olution were poorer and individual structures were not isolated
in space, providing for instance a linewidth Δv1/2 = 3.5 km s−1
and a size l⊥ ∼ 7 mpc for the pair [#3, #8]).
This result has to be put in the broader perspective described
in Sect. 1. The statistical analysis of the velocity field of this
high latitude cloud (Paper III, HF09) shows that the pdf of
the 12CO line-centroid velocity increments increasingly departs
from Gaussian as the lags over which the increments are mea-
sured decrease. The locus of the positions that populate the pdf
Fig. 10. Size-linewidth relation for a large sample of 12CO(1−0) struc-
tures (see Appendix B) to which are added: the SAMS data (single-dish
data from Heithausen 2002, 2006 (solid triangles); PdBI data within
SAMS2 Heithausen 2004 (open triangles)), a polygon that provides the
range of values for the 12 structures of Sakamoto & Sunada (2003)
and the eight structures of Table 2 (solid squares). The 3 empty squares
without error bars show where the three pairs of PdBI-structures would
be if not resolved spatially (i.e. the velocity increment between the two
structures would appear as a linewidth for the pair). Same with the large
triangle for the pair of structures in SAMS2. The straight lines show the
slopes 1/3 and 1/2 for comparison.
non-Gaussian wings forms elongated and thin (∼0.03 pc) struc-
tures that have a remarkable coherence, up to more than a parsec.
HF09 propose, on this statistical basis, but also because of their
thermal and chemical properties given in Sect. 1, that these struc-
tures trace the intermittency of turbulent dissipation in the field.
The pair of structures [#3, #8] belongs to that locus of positions
(see their Fig. 3). The extremely large velocity-shears measured
in that small field are not just exceptional values: they have to be
understood as a manifestation of the small-scale intermittency
of interstellar turbulence, as studied on statistical grounds in a
much larger field.
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5.2. The emergence of CO-rich gas
The PdBI-structures mark sharp edges in the 12CO emission.
As discussed in Sect. 3.3 and illustrated in Fig. 7, the CO emis-
sion of space-velocity structures extending over arcminutes (the
SEE(D)S) drops below the detection level over 4.3′′ (the res-
olution). Therefore, several questions arise: what is the nature
of the undetected gas that provides the continuity of the flow?
Is it undetected because its density is too low to excite the
J = 1−0 transition of 12CO? Or is it dense enough but with
too low a CO abundance? For simplicity, in the following dis-
cussion, “CO-rich” qualifies the gas with X(CO) > 10−6, the
CO abundance of the weakest detected structure (Table 4), and
“CO-poor” the gas with a lower CO abundance.
Acording to LVG calculations, the 3σ detection limit of our
observations allows us to detect CO column densities as low as
N(CO) ∼ a few 1014 cm−2 in gas as diluted as nH ∼ 50 cm−3,
at any temperature, and for a velocity dispersion of 0.2 km s−1,
characteristic of the structures found. This detection limit is very
low. Therefore, if the undetected gas on the other side of the edge
is CO-rich (with a total hydrogen column density comparable to
that of the detected part), it has to be at a density lower than
nH ∼ 50 cm−3, not to excite the 12CO(J = 1−0) transition at a
detectable level. We rule out this possibility because this density
is that of the CNM and it is unlikely that gas at that density be
CO-rich (see also the models of Pety et al. 2008).
The alternative is that the undetected gas is CO-poor and that
it is not its low density but its low CO abundance that makes
it escape detection in 12CO(J = 1−0). Given the sharpness of
the edges of the SEE(D)S, between 3 and 11 mpc (Table 2), the
process responsible for this transition has to be able to generate
a significant CO enrichment over that small scale.
In the above, we rule out the possibility that the sharp edges
(i.e. the PdBI-structures) mark photodissociation fronts, because
the orientations of such fronts would not be randomly dis-
tributed, as is observed. Moreover, there is no source of UV pho-
tons in that high-latitude cloud and the radiation field there is
the ambient galactic ISRF. Photodissociation fronts would not
have diﬀerent orientations depending on gas velocities varying
by only a few km s−1. The sharp edges are not either folds in
layers of CO emission because those who belong to SEES (sin-
gle structures) lack the second part of the layer, and those who
belong to SEEDS have the two parts at diﬀerent velocities.
We thus infer that the SEE(D)S are the outcome of a dy-
namical process, that involves large velocity-shears, and takes
place in a gas undetected in 12CO(1−0) emission, because it is
CO-poor, not because it is too diluted. This gas may be the CNM
and the dynamical process has to be able to enrich the CNM in
CO molecules within a few 103 yr and over a few milliparsec.
6. Comparison with other data sets
Our results broaden the perspective regarding the existence
of small-scale CO structures in molecular clouds. Heithausen
(2002, 2004, 2006) has found small-area molecular structures
(SAMS) that are truly isolated CO features in the high lati-
tude sky. PdBI observations of the SAMS (Heithausen 2004) re-
veal bright sub-structures that are all brighter and broader than
our PdBI-structures. Unfortunately, the emission has been de-
composed into clumps, a questionable procedure because short-
spacings have not been combined to the PdBI data and the
CLEAN procedure tends to create structures on the beam scale.
The large H2 densities inferred are therefore likely overesti-
mated. An interesting feature can be seen in the channel maps,
though. Two elongated thin patterns cross the field, reminiscent
for their thickness and length of what is found in the present
study. A velocity shear of 180 km s−1 pc−1 is estimated be-
tween these two elongated structures for a velocity separation
of 0.9 km s−1 and a pos spatial separation of 10′′ on average
(or 5 mpc at the assumed distance of 100 pc). This velocity-
shear is thus commensurable with the two largest values found
in the Polaris field.
Ingalls et al. (2007) have detected milliparsec clumps in a
high latitude cloud. They are located in the line-wings of the
CO single-dish spectrum and they model them as tiny (1−5 mpc)
clumps of density of a few 103 cm−3. A more detailed compar-
ison with the present results is not possible because they do not
analyze individual structures.
Sakamoto & Sunada (2003) have discovered a number of
CO small-scale structures in the low-obscuration regions of long
strip maps beyond the edge of the Taurus molecular cloud.
Their main characteristics are their large line-width and their
sudden appearance, and disappearance, within 0.03 to 0.1 pc.
The authors interpret these features as the signature of struc-
ture formation induced by the thermal instability of the warm
neutral medium (WNM) in the turbulent cloud envelope. These
CO small-scale structures thus carry the kinematic signatures
of the embedding WNM, hence their large velocity disper-
sion, both interclump and intraclump. The inferred line ratio,
R(2−1)/(1−0) = 0.4, is low, consistent with a low excitation
temperature and H2 densities lower than ∼102 cm−3. The authors
propose that their small-scale CO structures pinpoint molecule-
forming regions, driven by the thermal instability in the turbulent
diﬀuse ISM.
Our data therefore share many properties with these diﬀerent
samples. Figure 10 allows a comparison of the projected size and
linewidth of the above milliparsec-scale structures with those
of 12CO(1−0) structures identified in data cubes from non-star-
forming regions of all sizes, up to several 100 pc (see the relevant
references in Appendix B). Although some of them (a few indi-
vidual PdBI-structures of our sample) further extend the general
scaling law down to 2 mpc, most of them significantly depart
from this law by a large factor. As already mentioned in Sect. 5.1,
the departure is the largest for the pairs of PdBI-structures, as
they would appear if they were not resolved spatially i.e. as
anomalously broad structures with respect to their size. The in-
creased scatter of velocity-widths of the structures below 0.1 pc
down to 1 mpc may be seen as another manifestation of the in-
termittency of turbulence in translucent molecular gas.
7. Comparison with experiments, numerical
simulations and chemical models
The present data set discloses small-scale structures of intense
velocity-shears that carry the statistical properties of intermit-
tency and, in conjunction with that of HF09, reveals a connexion
between parsec-scale and milliparsec scale velocity-shears. The
dynamic range of coupled scales in the Polaris Flare is there-
fore on the order of ∼103. Moreover, velocity diﬀerences, up to
3.5 km s−1, close to the rms velocity dispersion of the CNM tur-
bulence measured on 10-pc scales (or more) (Miville-Deschênes
et al. 2003; Haud & Kalberla 2007), are found in the PdBI field
over ∼10 mpc, without any detected density enhancement nor
shock signature. We argue that the SEE(D)S are the CO-rich
parts of straining sheets in a gas undetected in 12CO(1−0), likely
the CNM, and that the fast CO enrichment is driven by enhanced
turbulent dissipation in the intense velocity-shears. We show be-
low that these findings may be understood in the light of recent
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numerical simulations of incompressible and compressible tur-
bulence, and the TDR chemical model of Godard et al. (2009).
The fact that the most dissipative structures appear to be
layers of intense strain-rate is consistent with recent results
of numerical simulations of incompressible turbulence at high
Reynolds number (Moisy & Jiménez 2004) and laboratory ex-
periments (Ganapathisubramani et al. 2008). These regions are
not randomly distributed and form inertial-range clusters (Moisy
& Jiménez 2004) or develop at the boundaries regions of high
level of vorticity (i.e. vortex tubes) (Ganapathisubramani et al.
2008). Coupling between small-scale statistics of the velocity
field and the properties of the large-scale flows is also clearly
probed in the high-Re numerical simulations of Mininni et al.
(2006): correlations are observed between large-scale shear and
small-scale intermittency.
In compressible turbulence, the fact that the most dissipative
structures are shear-layers is not expected. Yet, in their hydrody-
namical simulations of mildly compressible turbulence, Porter
et al. (2002) show that the compressible component of the veloc-
ity field is weaker than its solenoidal counterpart by a factor ∼3,
independent of the nature of the driving process (compressible or
solenoidal) and Vestuto et al. (2003) find that the energy fraction
in the solenoidal modes is dominant and increases with the mag-
netic field intensity in compressible magneto-hydrodynamical
(MHD) turbulence. These numerical experiments are still far
from approaching the ISM conditions but they suggest that tur-
bulent dissipation may occur primarily in solenoidal modes,
i.e. without direct gas compression, and that the properties of
the small scales are coupled to the large-scales.
In the TDR models of Godard et al. (2009), the chemical en-
richment of the CNM is driven by high gas temperatures and en-
hanced ion-neutral drift, without density enhancement. The tem-
perature increase is due to viscous dissipation in the layers of
largest velocity-shears at the boundaries of coherent vortices4.
The large ion-neutral drift occurs in the layers of largest rota-
tional velocity in which ions and magnetic fields decouple from
neutrals. These two dissipative processes trigger endothermic
chemical reactions, blocked at the low temperature of the CNM.
Enrichments consistent with observations are obtained for tur-
bulent rates-of-strain a = 10−11 s−1 induced by large scale tur-
bulence and for moderately dense gas (nH < 200 cm−3) char-
acteristic of the CNM. There is no direct determination of the
rates-of-strain generated by turbulence in the CNM. We note
however that the largest observed velocity-shear (Table 3) corre-
sponds, if the projected quantities provide reasonable estimates,
to a comparable rate-of-strain. The range of observed CO col-
umn densities from N(CO) = 1014 to 1.6 × 1015 cm−2 can be
reproduced by intense velocity-shears occurring in gas of den-
sity 100 to 200 cm−3. In this framework, the energy source
tapped to enrich the medium in molecules is the supersonic tur-
bulence of the CNM.
The association between the large observed velocity-shears
and local enhanced dissipation rate is therefore supported not
only by the earlier works presented in the Introduction but also
by a quantitative agreement between the TDR chemical models
and the present observational results. We cannot rule out how-
ever a contribution of low-velocity C-shocks to the turbulent dis-
sipation. If they propagate in the CNM, they are not visible in the
CO lines. Such shocks are not yet reliably modelled (Hily-Blant
et al., in preparation).
4 The “sinews of turbulence” put forward by Moﬀatt et al. (1994) that
link large-scale strain and small-scale vorticity.
8. Conclusions and perspectives
IRAM-PdBI observations of a mosaic of 13 fields in the tur-
bulent environment of a low-mass dense core have disclosed
small and weak 12CO(1−0) structures in translucent molecular
gas. They are straight and elongated structures but they are not
filaments because, once merged with short-spacings data, the
PdBI-structures appear as the sharp edges of larger-scale struc-
tures. Their thickness is as small as ≈3 mpc (600 AU), and their
length, up to 70 mpc, is only limited by the size of the mosaic.
Their CO column density is a well determined quantity for the
excitation conditions found at larger scale and is in the range
N(CO) = 1014 to 1015 cm−2. Their H2 density, estimated in
several ways, including the continuum emission of the brightest
structure, does not exceed a few 103 cm−3. Their well-distributed
orientations can be followed in the larger-scale environment of
the field. Six of them form three pairs of quasi-parallel struc-
tures, physically related. The velocity-shears estimated for the
three pairs include the largest ever measured in non-star-forming
clouds (up to 780 km s−1 pc−1).
The PdBI-structures are therefore not isolated and are the
edges of so-called SEE(D)S for sharp-edged extended (double)
structures. We show that the SEE(D)S are thin layers of CO-rich
gas and that their sharp edges pinpoint a small-scale dynamical
process, at the origin of the CO contrast detected by the PdBI.
We propose that the SEE(D)S are the outcomes of the chemi-
cal enrichment driven by intense dissipation occurring in large
velocity-shears and that they are CO-rich layers swept along by
the straining field of CNM turbulence.
The present work is the first detection of mpc-scale intense
velocity-shears belonging to a parsec-scale shear. The large de-
parture from average of the kinematic properties of these struc-
tures, confirms that they are a manifestation of the small-scale
intermittency of turbulence in this high latitude field, a property
already established on statistical grounds (HF09). The values of
the velocity-shears (or rate-of-strain) provide a quantitative con-
straint on the dissipation rate that can be compared to chemical
models. The link between the turbulent dissipation in the diﬀuse
gas and the dense core observed in the vicinity of the PdBI mo-
saic (Fig. 1) still remains to be established.
Last, we would like to stress that sub-structure still exists in
these mpc-scale structures of the diﬀuse ISM and that the next
generation of interferometers (e.g. ALMA) should be able to ob-
serve gas at the dissipation scale of turbulence (that is still un-
known) or at least observe the eﬀects on the ISM (temperature,
excitation, molecular abundances) of the huge release of energy
expected to occur there.
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Appendix A: Noise level in the mosaic
Mosaic noise is inhomogeneous due to primary beam correction.
This is shown in Fig. A.1. The 13-field mosaic produces a large
area with uniform noise level. Only at the edge of the mosaic
does it increase sharply due to the primary beam correction (the
contour shown are at a 2−4 sigma level, 1 sigma being measured
at the map center on a channel devoided of signal).
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Fig. A.1. Map of the noise level in K km s−1 over the 13-field mosaic.
Appendix B: The size-linewidth scaling law
Molecular cloud parameters have long been determined as those
of three-dimensional structures isolated in the four-dimensional
space of the molecular line data sets TL(x, y, vz), the line bright-
ness temperature being a function of position in the pos (two
coordinates x, y), and one spectral dimension, the projected ve-
locity on the los direction vz. In this 4D space, 3D structures
are isolated following diﬀerent methods (Stutzki & Guesten
1990; Williams et al. 1994; Falgarone & Perault 1987; Loren
1989; Falgarone et al. 1992). The size and linewidth of the
large number of clouds displayed in Fig. 10 have been ob-
tained by using published values, corrected in several cases to
allow the size and linewidth obey the same definitions in all
the samples (see Falgarone 1998). The structures are identi-
fied in 12CO(1−0) molecular line surveys of the central parts
of the Galaxy (stars, Dame et al. 1986; open triangles Solomon
et al. 1987) and of the third quadrant (open hexagons, May
et al. 1997), in the Rosette (crosses) and Maddalena (open
squares) molecular clouds (Williams et al. 1994), in non-star-
forming clouds (solid triangles, Falgarone & Perault 1987; solid
squares, Falgarone et al. 1992; tripods, Lemme et al. 1995), in
ρ Ophiuchus (solid hexagons, Loren 1989) and in a high latitude
cloud (starred triangles, Heithausen et al. 1998).
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ABSTRACT
Aims. We wish to separate and quantify the CO luminosity and CO-H2 conversion factor applicable to diﬀuse but partially-molecular
ISM when H2 and CO are present but C+ is the dominant form of gas-phase carbon.
Methods. We discuss galactic lines of sight observed in Hi, HCO+ and CO where CO emission is present but the intervening clouds
are diﬀuse (locally AV <∼ 1 mag) with relatively small CO column densities NCO <∼ 2 × 1016 cm−2. We separate the atomic and molec-
ular fractions statistically using EB−V as a gauge of the total gas column density and compare NH2 to the observed CO brightness.
Results. Although there are H2-bearing regions where CO emission is too faint to be detected, the mean ratio of integrated CO bright-
ness to NH2 for diﬀuse ISM does not diﬀer from the usual value of 1 K km s−1 of integrated CO brightness per 2 × 1020 H2 cm−2.
Moreover, the luminosity of diﬀuse CO viewed perpendicular to the galactic plane is 2/3 that seen at the Solar galactic radius in
surveys of CO emission near the galactic plane.
Conclusions. Commonality of the CO-H2 conversion factors in diﬀuse and dark clouds can be understood from considerations of
radiative transfer and CO chemistry. There is unavoidable confusion between CO emission from diﬀuse and dark gas and misattri-
bution of CO emission from diﬀuse to dark or giant molecular clouds. The character of the ISM is diﬀerent from what has been
believed if CO and H2 that have been attributed to molecular clouds on the verge of star formation are actually in more tenuous,
gravitationally-unbound diﬀuse gas.
Key words. ISM: molecules – ISM: clouds
1. Introduction
It is a truism that sky maps of CO emission are understood
as uniquely tracing the Galaxy’s molecular clouds, dense, cold
strongly-shielded regions where the hydrogen is predominantly
molecular and the dominant form of gas phase carbon is CO.
Moreover, CO emission plays an especially important role in
ISM studies as the tracer of cold molecular hydrogen through
the use of the so-called CO-H2 conversion factor which directly
scales the integrated 12CO J = 1–0 brightness WCO to H2 column
density NH2 . This deceptively simple conversion is critically im-
portant to determining molecular and total gas column densities
and so to understanding the most basic properties of star forma-
tion (Leroy et al. 2008; Bigiel et al. 2008; Bothwell et al. 2009),
the origins of galactic dust emission (Draine et al. 2007), and
other such fundamentals.
Yet, it is increasingly recognized that CO emission is present
along lines of sight lacking high extinction or large molecular
column densities (Liszt & Lucas 1998). It is also the case that
some very opaque lines of sight showing CO emission are com-
prised entirely of diﬀuse material and H2-bearing diﬀuse clouds
(McCall et al. 2002): a discussion of such a line of sight from
our own work is described in Appendix A here. Even in canon-
ical dark clouds like Taurus, detailed high-resolution mapping
of the CO emission (Goldsmith et al. 2008) reveals that much
? Appendix E is only available in electronic form at
http://www.aanda.org
of it originates in relatively weakly-shielded gas where 13CO is
strongly enhanced through isotopic fractionation, implying that
the dominant form of gas phase carbon must be C+ (Watson et al.
1976).
Conversely, it is also the case that molecular gas is detected
in the local ISM even when CO emission is not. Lines of sight
with NCO >∼ 1012 cm−2, NH2 >∼ 1019 cm−2 have long been de-
tectable in surveys of uv absorption (Sonnentrucker et al. 2007;
Burgh et al. 2007; Sheﬀer et al. 2007, 2008), with expected inte-
grated CO brightnesses as low as WCO = 0.001 K km s−1 (Liszt
2007b). And, as discussed here, mm-wave HCO+ and CO ab-
sorption from clouds with NH2 >∼ 1020 cm−2 are also more com-
mon than CO emission along the same lines of sight (see Lucas
& Liszt 1996; Liszt & Lucas 2000, and Appendix A).
Thus we are led to ask two questions that are of particular
importance to the use of CO emission as a molecular gas tracer.
First, where and how does the observed local CO luminosity re-
ally originate? Second, how completely is the molecular material
represented by CO emission? The approach we take to address
these issues is based on radiofrequency surveys of Hi, HCO+
and CO absorption and emission along lines of sight through the
Galaxy toward extragalactic background sources. By combining
1) measurements of extinction (constraining the total gas col-
umn density); 2) measurements of Hi absorption (to determine
the gas column of atomic hydrogen); 3) the strength of HCO+ ab-
sorption (tracing H2 directly) and 4) the integrated CO J = 1–0
brightness WCO, we relate WCO to NH2 along sightlines where we
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Fig. 1. Atomic and molecular absorption and emission vs. total reddening. Left: Integrated VLA Hi optical depth from Dickey et al. (1983) and this
work. Middle: integrated PdBI HCO+ optical depth from Lucas & Liszt (1996) and this work. Right: integrated ARO12m CO J = 1–0 brightness
at 1′ resolution. In each case the horizontal axis is the total line of sight reddening EB−V (Schlegel et al. 1998). For explanation of the symbols used
in the plots, see Sect. 3.
have previously shown that the intervening gas is diﬀuse, neither
dark nor dense, and the CO column densities are relatively small.
The results are somewhat surprising: although there is much
variability, the mean CO brightness per H2-molecule WCO/NH2 ,
i.e. the CO-H2 conversion factor, does not diﬀer between diﬀuse
and fully molecular clouds. Although this was phenomenolog-
ically inferred long ago, the physical basis for it is now better
understood in terms of the radiative transfer and chemistry of
H2- and CO-bearing diﬀuse and dark gas.
The plan of the present work is as follows. Section 2 de-
scribes the observational material that is used here, some of
which is new. Section 3 derives the CO-H2 conversion factor in
diﬀuse gas. Section 4 discusses the fraction of the local galactic
CO luminosity (viewed perpendicular to the galactic plane) that
can be attributed to diﬀuse gas. Section 5 discusses the physical
processes at play to set the ratio of CO brightness to H2 column
density and explains why the same value may apply to dark and
diﬀuse gas. Section 6 discusses which molecular emission di-
agnostics might actually be used to distinguish between the CO
contributions from diﬀuse and dark gas. Sections 7 and 8 present
a brief summary and discuss how our concept of the ISM might
change when a substantial portion of the observed CO emission
is ascribed to diﬀuse rather than dense molecular gas.
2. Observational material
The data used in this work are given in Tables E.1 and E.2 of
Appendix E (available online).
2.1. EB−V
Values of the total reddening EB−V along the line of sight are
from the work of Schlegel et al. (1998) at a spatial resolution of
6′. The claimed rms error of these measurements is a percent-
age (16%) of the value. To convert to column density we use
the equivalence NH= N(H I)+ 2NH2 = 5.8 × 1021H cm−2EB−V
established by Bohlin et al. (1978) and Rachford et al. (2009).
Typically AV = EB−V /3.1 (Spitzer 1978).
2.2. Hi absorption
This is mostly taken from the VLA results of Dickey et al.
(1983) but a line profile for B2251+158 (3C 454.3) was made
available on the website of John Dickey and we took new Hi
absorption profiles toward J0008+686, J0102+584,B0528+134,
B0736+017, J2007+404, J2023+318 and B2145+067 at the
VLA in 2005 May and July.
2.3. HCO+ absorption
We used results from the PdBI’s HCO+ survey of Lucas & Liszt
(1996) along with the slightly more recent results of Liszt &
Lucas (2000) and a few additional profiles that were taken at the
PdBI in 2001–2004.
The rotational excitation of HCO+ above the cos-
mic microwave background is very weak in dif-
fuse gas (Liszt & Lucas 1996) so that NHCO+ =
1.12 × 1012 cm−2
(∫
τ(HCO+) dv/1 km s−1
)
for an assumed
HCO+ permanent dipole moment of 3.889 Debye. This dipole
moment is slightly smaller than the value used in most of our
previous work (4.07 D), increasing the inferred HCO+ column
densities by 10%.
2.4. J = 1–0 CO emission
All the results quoted here are from the ARO12m antenna at
1′ resolution, placed on a main-beam scale by dividing the na-
tive T ∗r values by 0.85. Most of these profiles were used on
the T ∗r scale in our earlier work (Liszt & Lucas 1996, 1998,
2000) but profiles toward sources with Hi absorption and lack-
ing HCO+ absorption data (noted in Fig. 1) and toward sources
with J-names in Tables C.1 and C.2 are new. The velocity res-
olution was typically 0.1 km s−1 and all spectra were taken in
frequency-switching mode and deconvolved (folded) using the
EKHL algorithm (Liszt 1997a). Where upper limits on CO emis-
sion are shown, they are plotted symbolically at very conserva-
tive values taken over much wider ranges than are occupied by
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HCO+ emission. The contributions of such sightline to ensemble
averages of WCO was taken as zero in each case.
3. The mean NH2/WCO ratio of diffuse gas
3.1. Considering whole lines of sight
Because the target background sources are extragalactic, the
lines of sight considered here traverse the entire galactic gas
layer, crossing the entire possible gamut of gas phases. However,
they either have low extinction (at |b| >∼ 15–20◦) or, more often,
can be decomposed into components whose individual molecu-
lar column densities are relatively small according to our pre-
vious studies of absorption and emission in these directions
(see Appendix A for an example). For instance, the highest
CO column densities observed for individual components are
NCO <∼ 2 × 1016 cm−2 (Liszt & Lucas 1998), representing about
7% of the free carbon column density expected for diﬀuse ISM
at AV = 1 mag (Sofia et al. 2004). 13CO is increasingly strongly
fractionated in diﬀuse clouds having higher NCO (Liszt & Lucas
1998; Liszt 2007a), requiring that carbon must be predominantly
in the form of C+.
3.2. Separating the atomic and molecular gas fractions
In order to derive the NH2/WCO conversion factor, we need to
estimate NH2 independent of the CO emission tracer. To do this,
we could use previous estimates of the mean fraction of H2 in
the diﬀuse ISM, which range from >∼25% (Savage et al. 1977)
in uv absorption to 40–45% using a chemically-based approach
founded on the observed constancy of XCH = NCH/NH2 (Liszt &
Lucas 2002; Sheﬀer et al. 2008; Weselak et al. 2010). However,
as this is the core of our argument, we take two other and more
detailed approaches to separating the atomic and molecular col-
umn densities along the actual ensemble of lines of sight we have
studied. Both methods depend on knowing the total column den-
sity NH from the measured reddening and both are detailed in the
following subsections.
3.3. Estimating the atomic gas fraction via HI absorption
In Fig. 1 at left we show the integrated Hi absorption plotted
against reddening. This diagram is comprised of the entire sam-
ple of Dickey et al. (1983) along with a handful of other sight-
lines observed in Hi by us at the VLA and in HCO+ at the PdBI
(see Sect. 2). Symbols diﬀerentiate 1) those portions of the sam-
ple for which HCO+ and CO were observed (all sightlines ob-
served in HCO+ were also observed in CO emission and most in
CO absorption); 2) a few for which we only have Hi absorption
and CO emission data; and 3) those which lack any molecular
data. Strictly speaking, only those lines of sight for which we
have molecular absorption line data can be proven to be com-
posed wholly of diﬀuse gas but the sample appears to be very
homogeneous in terms of its absorbing properties and many of
the lines of sight lacking molecular absorption data show CO
emission well beyond the galactic extent of the dense gas layer.
The surprisingly tight, nearly linear correlation between the
integrated Hi optical depth and reddening (correlation coeﬃcient
0.90, power-law slope 1.02) establishes the applicability of the
comparison of reddening values (which are measured on a rather
coarse 6′ spatial scale) with Hi absorption measurements against
the extragalactic continuum sources, sampling sub-arcsecond
beams. This excellent correlation between fan and pencil-beam
quantities testifies to the high degree to which Hi absorbing
gas is mixed in the interstellar gas. The sample mean redden-
ing in Fig. 1 at left is 〈EB−V〉 = 1.14 mag and the sample
mean integrated Hi opacity is
〈∫
τ(Hi) dv
〉
= 16.50 km s−1 so
that
〈∫
τ(Hi) dv
〉
/ 〈EB−V〉 = 1.45 km s−1/mag for the sample as
a whole.
Estimating the Hi column density from the Hi absorption
must be done with care because the atomic gas is divided be-
tween warm and cold phases having widely diﬀering optical
depth. Separation of the warm and cold, absorbing and non-
absorbing phases was recently considered in great detail by
Heiles & Troland (2003) in a new Hi emission-absorption sur-
vey along many lines of sight. From their tabulated results, it was
possible to form the ratio of NHi to
∫
τ(Hi) dv (a small portion of
which actually arises in warmer gas) as shown in Fig. B.1 of the
appendices and briefly discussed in Sect. B1 there. The sample
mean ratio over all lines of sight in the Heiles & Troland (2003)
survey is NHi/
∫
τ(Hi) dv = 2.6± 0.2× 1020 cm−2/km s−1 where
the error estimate (which is a range, not a standard deviation)
reflects the extent to which the ratio can be aﬀected by sample
selection criteria based on reddening, galactic latitude, etc. This
mean value shows very little variation when computed on sub-
samples selected on diﬀerent criteria.
It is then possible to derive the atomic gas fraction, if we as-
sume that our absorption sample has similar properties. Writing
fHi ≈ ( NHi∫
τ(Hi) dv ) × (
∫
τ(Hi) dv
5.8 × 1021 EB−V ), (1)
taking the first term from our analysis of the results of Heiles
& Troland (2003) and the second from the mean for the data
shown in Fig. 1. The result is that fHi = 0.65, so that fH2 = 2
N(H2)/N(H) = 0.35.
This estimate of the molecular gas fraction for our sample
of sightlines falls in the middle of the range of current gen-
eral estimates for diﬀuse gas as noted in the beginning of this
Section, i.e. fH2 >∼ 0.25 from Copernicus corrected for sam-
pling biases (Bohlin et al. 1978) and fH2 ≈ 0.40−0.45 from a
sample of lines of sight observed toward bright stars in optical
absorption lines observed in CH (Liszt & Lucas 2002), given
that XCH = NCH/NH2 is nearly constant at 4.5 × 10−8 (Sheﬀer
et al. 2008; Weselak et al. 2010).
3.4. Checking the molecular gas fraction via molecular
chemistry
Shown in the middle panel is the integrated HCO+ absorption.
As noted in Sect. 2.3 the integrated optical depth is directly
translatable into HCO+ column density given the near-absence
of rotational excitation in the relatively low density diﬀuse gas:
NHCO+ = 1.12 × 1012 cm−2
(∫
τ(HCO+) dv/1 km s−1
)
. The rel-
ative abundance of HCO+ is known to be nearly constant at
XHCO+ ' 2−3 × 10−9 from its fixed ratio with respect to OH
in individual clouds (Liszt & Lucas 1996, 2000) and the near-
constancy of XOH ≈ 10−7 (Weselak et al. 2010).
Figure 1 shows that HCO+ becomes readily detectable at
EB−V >∼ 0.1 mag, which is just where H2 itself becomes abundant
in the diﬀuse ISM (Savage et al. 1977). When detected, NHCO+
shows a correlation with EB−V (correlation coeﬃcient 0.66 and
power law slope 0.7 for the points with detected HCO+) but the
larger scatter in the middle panel, compared to that at left, sug-
gests that the molecular portion of the gas is less well mixed than
the absorbing Hi.
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If XHCO+ is assumed, a value for fH2 could be derived from
the data in the middle panel of Fig. 1. Conversely, if fH2 = 0.35
is assumed and sample means are used, then 〈NHCO+〉 /(5.8 ×
1021 cm−2 〈EB−V〉) = 5.46 × 10−10 and XHCO+ = NHCO+/NH2 =
3.1×10−9, consistent with the previously established value (Liszt
& Lucas 1996, 2000). Therefore the decomposition of the en-
semble of lines of sight appears to yield consistent results be-
tween several independent measures of both the atomic and
molecular components.
3.5. The ensemble-averaged CO luminosity and NH2/WCO
conversion factor
Shown at the right in Fig. 1 is the integrated 12CO J = 1–0
intensity WCO plotted against EB−V . CO emission is not reli-
ably detected except at EB−V > 0.3 mag (i.e. AV >∼ 1 mag). In
discussing this data, it is important to note that values of NCO
have been measured in the diﬀuse gas (Liszt & Lucas 1998) and
they are quite small compared to the column of free gas phase
carbon expected at AV = 1 mag (i.e. 3 × 1017 cm−2, see Sofia
et al. 2004). Moreover, the lines of sight having the largest val-
ues of WCO are composed of several emission components (see
Appendix A for an example). The CO emission along these lines
of sight orginates in diﬀuse gas where C+ is the dominant form
of carbon.
If it is accepted that fH2 = 0.35, the bulk CO-H2 conver-
sion factor may be inferred immediately from the data shown
in Fig. 1. The sample means are 〈WCO〉 = 4.42 K km s−1 and
〈EB−V〉 = 0.888 mag or (〈NH2〉 = 9.01 × 1020H2 cm−2), imply-
ing WCO = 1 K km s−1per 2.04×1020 H2 cm−2. Rather strikingly,
there is apparently no diﬀerence in the mean CO luminosity per
H2 in diﬀuse and fully molecular gas. For insight into the scat-
ter present in the ensemble of sightlines, the right-hand panel of
Fig. 1 shows a line corresponding to the ensemble mean con-
version factor and fH2 = 1/3. The range in fH2 determined for
the diﬀuse gas, roughly 0.25–0.45 or 0.35 ± 0.1, implies a 30%
margin of error for the method as a whole.
An alternative approach to this determination based on
molecular chemistry, comparing WCO with NHCO+as a surrogate
for NH2 and giving similar results, is discussed in Appendix C.
4. The proportion of CO emission arising
from diffuse gas
The similarity of the CO-H2 conversion factors in diﬀuse and
fully molecular gas must have led to confusion whereby CO
emission arising in diﬀuse gas has been attributed to “molecular
clouds”, i.e. the truism noted in the Introduction. To quantify this
phenomenon we derive the mean luminosity of diﬀuse molecu-
lar gas viewed perpendicular to the galactic plane WCO(b) sin |b|
for a plane-parallel stratified gas layer and we compare that to
the equivalent luminosity perpendicular to the galactic plane in-
ferred from surveys of CO emission near the galactic equator.
Shown in Fig. 2 is the distribution of WCO with 1/ sin |b|. For
reference a line is shown corresponding to the canonical CO-H2
conversion factor and the combination fH2 × σz = 30 pc, in
the simplistic case that the galactic gas layer can be described
by a single Gaussian vertical component with dispersion σz.
For convenience the diﬀuse gas is usually described by sev-
eral components having a range of vertical scale heights (Cox
2005) but the neutral gas components of the nearby ISM are not
well-described by simple plane-parallel layers (see also Heiles
& Troland 2003) owing to local geometry (the local bubble)
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Fig. 2. Integrated CO brightness plotted against 1/sin(|b|). For compar-
ison, a line is shown for the case of a plane-parallel Gaussian layer
with vertical dispersion σz, when σz fH2 = 30 pc and NH2/WCO =
2 × 1020 H2 cm−2/( K km s−1).
combined with the scatter induced by the comparatively long
mean free paths between kinematic components.
We quote the ensemble average brightness 〈WCO〉 =
4.64 K km s−1 and number of equivalent half-thicknesses
〈1/ sin |b|〉 = 19.75, implying a mean integrated brightness
0.235 K km s−1 per galactic half width1. Looking down on the
Milky Way vertically from afar the integrated CO brightness of
diﬀuse gas would be twice this, WCO⊥ = 0.47 K km s−1.
Galactic surveys of CO emission, on the other hand, calcu-
late a mean CO brightness per kpc of 5 K km s−1/kpc at z = 0 pc
in the galactic disk at a galactocentric distance R = 8 kpc. Note
that this value is scaled from the result of Burton & Gordon
(1978) which assumed R = 10 kpc. If the molecular gas layer
sampled in these surveys is described by a Gaussian vertical
distribution having a dispersion σz= 60 pc (Cox 2005) and z-
integral
√
2πσz2 = 0.150 kpc, the galactic survey result trans-
lates into an integrated CO brightness WCO⊥ = 5 K km s−1/kpc×
0.150 kpc = 0.75 K km s−1 when viewed vertically across the
galactic disk as described in Appendix D. This is only 50%
higher than that of the diﬀuse CO alone.
The question then is whether the CO emission and H2 at-
tributable to diﬀuse gas exist in addition to that sampled in the
CO surveys near the galactic plane, or whether the galactic CO
surveys incorporate a significant proportion of diﬀuse CO emis-
sion. If the former – if, for instance the diﬀuse CO like the diﬀuse
ISM has a larger scale height and is a distinguishable component
of the local CO emission – the local H2 surface density could be
higher than previously believed.
The total density of gas near the Sun is usually quoted as
1.2 H-nuclei cm−3 from Spitzer (1978) and this is often decom-
posed into “molecular” and “diﬀuse” components with roughly
50% attributed to each (for instance see Cox 2005). The CO
emissivity measured in galactic plane surveys (5 K km s−1/kpc)
conveniently converts to a local mean H2 density of about
0.33 H2 cm−3, about half of Spitzer’s total. However, recall that
the quoted total mean density is based on the statistics of red-
dening toward A-stars within a few hundred pc of the Sun
1 The actual ensemble averaged value of 〈WCO sin |b|〉 is substantially
larger 0.42 ± 0.66 K km s−1.
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(Münch 1952) which were very unlikely to have sampled dark
cloud lines of sight. GAIA photometry should settle this matter,
but the issue of the total mean density of the ISM locally and
relative proportions of atomic and molecular material are not as
clearly defined as is generally assumed.
5. Rationale for a common CO-H2 conversion
The very first discussions of the applicability of a common
NH2/WCO conversion factor (Liszt 1982; Young & Scoville
1982) noted that diﬀuse and dense gas at 60–100 K, or dark
dense gas at 12 K, all had similar ratios WCO/NH2 . For in-
stance WCO ≈ 1.5 K km s−1, NH2 = 5 × 1020 km s−1 toward ζ
Oph (a typical diﬀuse line of sight) and WCO = 450 K km s−1,
NH2 = 2 × 1023H2 cm−2 toward Ori A. By comparison, a dark
cloud like L204, near ζ Oph, with AV = 5 mag has NH2 ≈
5 × 1021 cm−2, NCO ≈ 8 × 1017 cm−2 and an integrated bright-
ness WCO ≈ 15 K km s−1 (Tachihara et al. 2000) or NH2/WCO ≈
3×1020H2 cm−2 (K km s)−1. Comparing the two gas phases sam-
pled in CO near ζ Oph it is apparent that the higher CO column
density in the dark cloud is more than compensated by the dimin-
ished brightness per CO molecule. The result is a nearly constant
ratio of WCO to NH2 across phases while the brightness per CO
molecule WCO/NCO varies widely.
The physical basis for this behavior has become more appar-
ent recently with closer study of CO in diﬀuse gas (Pety et al.
2008; Liszt et al. 2009). To begin the discussion we rewrite the
CO-H2 conversion factor χCO as
1
χCO
=
(
WCO
NCO
)
×
(
NCO
NH2
)
=
(
WCO
NCO
)
XCO, (2)
separating the coupled and competing eﬀects of cloud structure
or radiative transfer (WCO/NCO) and CO chemistry (NCO/NH2
= XCO). Simply put, the specific brightness WCO/NCO can be
shown to be higher in warmer, subthermally-excited diﬀuse gas
by about the same amount (a factor 30–50) that XCO is lower:
〈XCO〉 = 3 × 10−6 for the diﬀuse gas (Burgh et al. 2007) com-
pared to ≈10−4 in dark gas where the carbon is very nearly all in
CO.
As noted by Goldreich & Kwan (1974) in the original ex-
position of the LVG model for radiative transfer, WCO/NCO will
be much greater when the excitation of CO is weak – when the
kinetic temperature is much greater than the J = 1–0 excitation
temperature. Moreover when CO is excited somewhat above the
cosmic microwave background but well below the kinetic tem-
perature, the brightness of the CO J = 1–0 line will be linearly
proportional to NCO even when the line is quite optically thick
(again, see Goldreich & Kwan 1974). As Michel Guelin point-
edly reminded us, this occurs because weak excitation means
that there is also little collisional de-excitation so that the gas
merely scatters emitted photons until they eventually escape. As
Goldreich & Kwan (1974) showed, this proportionality between
brightness and column density persists until the opacity is so
very large that the transition approaches thermalization through
radiative trapping.
The discussion of the previous paragraph also applies
to other molecules, but because CO has such a small
dipole moment the proportionality between CO brightness
and column density is only weakly dependent on ambient
physical conditions: a nearly universal ratio NCO/WCO =
1015 CO cm−2/(K km s−1) can be calculated for diﬀuse gas
using recent excitation cross-sections (Liszt 2007b). This is
in excellent agreement with measured values of NCO and
CO J = 1–0 excitation temperatures in the diﬀuse gas seen to-
ward stars in uv absorption (Sonnentrucker et al. 2007; Burgh
et al. 2007; Sheﬀer et al. 2008) or at mm-wavelengths in ab-
sorption against distant quasars (Liszt & Lucas 1998). For
the observed value 〈XCO〉 = 3 × 10−6 (Burgh et al. 2007)
the NH2 /WCO conversion ratio in diﬀuse clouds is NH2 /WCO=
1015/3 × 10−6 = 3.3 × 1020 H2 cm−2/(K km s−1).
Finally, note that even if the ratio WCO/NCO is not constant
between gas phases, it is still the case that WCO ∝ NCO separately
in either the dense or diﬀuse gas. For the diﬀuse gas the propor-
tionality is based in the microphysics of CO radiative transfer a
la Goldreich & Kwan (1974). For the dark cloud case, note that
there is a fixed ratio of NCO/NH2 when the gas-phase carbon is in
CO and the hydrogen is in H2 so that a WCO–NH2 conversion is
fully equivalent to a WCO–NCO conversion.
6. Discriminating between emission from diffuse
and dense gas
There are ways in which mm-wave molecular emission diﬀers
between dense and diﬀuse gas, even if not in 12CO. Emission
from molecules like CS, HCN and HCO+ having higher dipole
moments is generally thought to single out denser gas than does
CO, especially in extreme environments (Wu et al. 2005). Note,
however, that surveys of the Milky Way galactic plane find
widely-distributed emission in HCO+, CS, HCN, etc. with inten-
sity ratios of 1–2% relative to WCO from essentially all features
detected in CO (Liszt 1995; Helfer & Blitz 1997).
Relatively little is known of the emission from mm-wave
species in diﬀuse gas beyond that from CO. Most common is
emission from HCO+ because it is chemically ubiquitous and
somewhat more easily excited owing to its positive charge and
high dipole moment. Although HCO+ emission is weak in the
example shown here in Appendix A it appears at levels >∼1%
of WCO in portions of the diﬀuse cloud around ζ Oph or in the
Polaris flare (Liszt & Lucas 1994; Liszt 1997; Falgarone et al.
2006). Therefore HCO+ emission is probably not a good dis-
criminator but CS and HCN appear with high abundance only
when NHCO+ >∼ 1012 cm−2 or NH2 > 5 × 1020 cm−2 and should
be much more weakly excited in low density gas. In any case,
searching for emission that is 100 times weaker than WCO may
not be an eﬀective use of observing time and only in very dense,
warmer gas like that found in massive, OB star-forming regions
like Ori A are the higher dipole moment molecules substantially
brighter than 1–2% relative to WCO.
A more eﬀective method of discriminating between CO
emission from diﬀuse and dark or dense gas is aﬀorded by
13CO. Although the abundance of 13CO is enhanced by fraction-
ation (see the example in Appendix A) lowering the observed
12CO/13CO brightness temperature ratios (Liszt & Lucas 1998;
Liszt 2007b; Goldsmith et al. 2008), those ratios are still notice-
ably higher in diﬀuse gas. Typically they are >∼10–15 instead of
<∼3–5 as seen in dark clouds or in surveys of the inner-Galaxy
gas in the galactic plane (Burton & Gordon 1978). Recall that
the mean 12CO/13CO brightness ratio nearly doubles across the
galactic disk (Liszt et al. 1981), which was another, earlier indi-
cation that molecular gas near the Solar Circle has a high pro-
portion of diﬀuse material.
To summarize, we suggest that the most eﬃcient way to as-
certain the origin of CO emission is to compare 12CO and 13CO
brightnesses because emission from 13CO is much stronger than
emission from HCO+, CS, HCN etc., and because there is actu-
ally less ambiguity in the brightness ratios relative to WCO.
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7. Summary
In Sects. 2 and 3 we described and considered a sample of lines
of sight studied in Hi and molecular absorption and known to
be comprised of diﬀuse gas. Their molecular component shows
features whose CO, HCO+ and other molecular column densities
are small compared to those of dark clouds (in the case of CO,
at least 30 times smaller). There is often quite substantial frac-
tionation of 13CO (indicating that the dominant form of carbon
is C+) and the rotational excitation of CO is sub-thermal with
implied cloud temperatures typical of those determined directly
for diﬀuse H2 in optical/uv surveys, i.e. 30 K or more.
Using an externally-determined value for the ratio of total
Hi column density to integrated Hi absorption and the standard
equivalence between reddening and NH we derived the molecu-
lar gas fraction for this sample to be fH2 = 0.35, in the middle of
the range of other estimates for the diﬀuse ISM as a whole based
on optical (mainly CH) and uv (Hi and H2) absorption studies.
We showed that this estimate for fH2 implies the same
value XHCO+ = 3 × 10−9 that was previously determined
from comparisons of OH and HCO+ column densities in in-
dividual clouds. We then compared measured CO brightnesses
with the inferred molecular gas column densities to derive the
ensemble mean NH2/WCO conversion factor. Surprisingly, We
found this mean to be just equal to the locally-accepted value
2.0 × 1020H2/( K km s−1) for “molecular” gas believed to reside
in dense dark fully-molecular clouds near the galactic equator.
Such exact agreement is probably something of an acci-
dent of sampling, but the fact that diﬀuse and dark gas would
have very similar NH2/WCO conversion factors, which had been
inferred empirically long ago, now has a firmer physical ba-
sis. In Sect. 5 we explained it as the result of the brightening
of CO J = 1–0 emission per CO molecule that was theoret-
ically predicted for warmer more diﬀuse gas by Goldreich &
Kwan (1974), which compensates for the lower relative abun-
dance XCO there. The mean CO abundance observed in opti-
cal absorption in diﬀuse clouds 〈XCO〉 = 3 × 10−6, combined
with the observed and expected brightness per CO molecule,
WCO/NCO = 1 K km s−1/1015CO cm−2, can be be combined to
form an CO-H2 conversion factor of NH2 /WCO = 1015/3×10−6 =
3.3 × 1020 H2 cm−2/(K km s−1).
In Sect. 4 we derived the expected brightness of dif-
fuse gas viewed perpendicular to the galactic plane from afar,
0.47 K km s−1, and compared that to the value expected from
surveys of CO emission in the galactic plane, combined with a
narrow (60 pc dispersion) Gaussian vertical distribution; that is
0.75 K km s−1. This suggests that there has been confusion in the
general attribution of CO emission to “molecular clouds” when
in fact much of it arises in the diﬀuse ISM. This view is consis-
tent with the motivations discussed in the Introduction, whereby
CO emission is increasingly being found along lines of sight
lacking high extinction and whereby CO emission seen along
dark lines of sight is found (through molecular absorption stud-
ies and in other ways) to originate in components having the
relatively small molecular number and column densities typical
of diﬀuse gas. An example of such a line of sight is given in
Appendix A here.
We briefly discussed in Sect. 4 the decomposition of the to-
tal mean density of neutral gas in the nearby ISM, 1.2 H cm−3
(Spitzer 1978), into its atomic and molecular constituents. We
noted that although the balance is generally believed to be
roughly 50–50 (Cox 2005), some emission might shift to the
diﬀuse side of the balance sheet if CO emission is reinterpreted.
Moreover, we pointed out that the molecular contribution to the
true local mean density from large-scale galactic CO surveys
in the galactic plane should be questioned more generally be-
cause it is unclear to what extent Spitzer’s estimate, based on the
earlier optical work of Münch, incorporates the contribution of
optically-opaque gas.
Although the ability to discriminate between the separate
contributions to WCO from diﬀuse and darker, denser gas is lim-
ited when only 12CO is considered, it should be possible to infer
the nature of the host gas using other emission diagnostics (see
Sect. 6). The most eﬃcient of these is probably the brightness
of 13CO, which, although enhanced by fractionation, is still sub-
stantially weaker, relative to WCO, in diﬀuse gas. Searching for
emission from species having higher dipole moments such as CS
J = 2–1 and HCN (and probably not HCO+ because it is chemi-
cally so ubiquitous and more easily excited) are alternatives that
might require somewhat longer integration times.
8. Discussion: Interpreting a sky occupied by CO
emission from diffuse gas
The usual interpretation of CO sky maps, galactic surveys, etc,
is that CO emission mostly traces dark and or “giant” molecu-
lar clouds (GMC) composed of dense cold gas occupying a very
small fraction of the interstellar volume at high thermal pres-
sure within an ISM that may confine them via its ram or turbu-
lent pressure if they are not gravitationally bound. The balance
between GMC and diﬀuse atomic material may be controlled
by quasi-equilibrium between local dynamics and the overlying
weight of the gas layer but the molecular material inferred from
CO emission is generally believed to be that which is most nearly
on the verge of forming stars, for instance through the Schmidt-
Kenicutt power-law relation between star formation rate and gas
surface density2 (Leroy et al. 2008; Bigiel et al. 2008).
By contrast, CO emission from diﬀuse molecular gas orig-
inates within a warmer, lower-pressure medium that occupies a
much larger fraction of the volume and contributes more sub-
stantially to mid-IR dust or PAH emission but only has the req-
uisite density and chemistry to produce CO molecules and CO
emission (since WCO ∝ NCO) over a very limited portion of that
volume. In this case a map of CO emission is a map of CO abun-
dance and CO chemistry first, and only secondarily a map of the
mass even if the mean CO-H2 conversion ratio is (as we have
shown) “standard”. Moreover, although CO emission traces the
molecular column density NH2 quite decently where WCO is at
detectable levels, it arises in regions that are not gravitationally
bound or about to form stars. The CO sky is mostly an image of
the CO chemistry.
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Appendix A: NRAO150: an example of a dark line
of sight comprised of diffuse gas
The estimated total extinction along this comparatively low-
latitude line of sight at l = 150.4◦, b = −1.6◦ (see Table E.2)
2 It is also recognized that more precise tracers of the high-density
star-forming material may be needed in extreme environments such as
ULIRG (Wu et al. 2005).
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Fig. A.1. Line profiles toward and near B0355+508 = NRAO150.
Bottom: absorption line profiles of H I, HCO+, 12CO, 13CO (multiplied
by 2) and HNC; Hi absorption and emission are present over a much
broader velocity range than shown here. Top: Emission from 12CO,
13CO (scaled upward by a factor 3) and HCO+ (scaled upward by a
factor 100). The HCO+ profile is an average over a 3.5′ region around
the continuum (to avoid absorption). See Appendix A.
is EB−V = 1.5 mag or AV ≈ 5 mag but it would be quite
opaque even if only the atomic gas were present. A lower limit
on NHi from the integrated 21 cm emission of the nearest pro-
file in the Leiden-Dwingeloo Survey (Hartmann & Burton 1997)
in the optically thin limit is NHi >∼ 7.4 × 1021 cm−2, implying
EB−V >∼ 1.27 mag. The H I column density derived by taking
the ratio of NHi to Hi absorption as discussed in Sect. 3 here is,
understandably, slightly larger, NHi = 1.1 × 1022 cm−2.
We show in Fig. A.1 various absorption and emission pro-
files along and around the line of sight to NRAO150 aka
B0355+508. We have published various analyses of this line of
sight in the references noted below, and most recently we syn-
thesized the CO emission in a 90′′ region around NRAO150 at
6′′ resolution (Pety et al. 2008). Hi absorption and emission ex-
tend well outside the narrow kinematic interval shown here. The
weak HCO+ absorption at −35 km s−1 is real, as is the broad
wing extending up to −25 km s−1.
CO emission is fairly strong in this direction, WCO =
17 K km s−1, nominally implying 2NH2 ≈ 7 × 1021, compara-
ble to NHi, but molecular absorption spectra of HCO+ and CO
0.1 1 10
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1021
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N
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 I)  
to
t [
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-
2 ]
EBV<0.09
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Fig. B.1. Total hydrogen column density vs. integrated Hi optical depth
for the sources studied by Heiles & Troland (2003). Lines of sight with
EB−V < 0.09 mag were not included in the regression fit, to point out the
upturn at low
∫
τ(Hi) dv. See Appendix B.
are much richer than the CO emission. The HCO+ absorption
spectrum (Lucas & Liszt 1996; Liszt & Lucas 2000) shows five
prominent components each having NHCO+ ≈ 1.3 × 1012 cm−2
(Lucas & Liszt 1996) or 2NH2 ≈ 9× 1020 cm−2 implying EB−V =
0.15 mag per component associated with H2 if XHCO+ = 3×10−9
as discussed in Sect. 3. The H2, HCO+ and OH column densities
of these components are each nearly equal to what is seen locally
along the line of sight to ζ Oph at AV = 1 mag (Morton 1975;
Van Dishoeck & Black 1986; Liszt 1997).
Further evidence of the diﬀuse nature of the gas is given by
the fractionation of 13CO in CO; N12CO/N13CO = 15 ± 2, 25 ± 4
and 32 ± 13 in the components at −17, −11 and −4 km s−1,
respectively and N13CO/NC18O > 36, >54 and >25 at the 2σ level
in these components (Liszt & Lucas 1998).
In emission, the 12CO/13CO brightness ratios are 12 and 30
for the two strong kinematic components, reflecting both the
fractionation and the fact that WCO ∝ NCO in the diﬀuse gas
regime as discussed in the text here.
HCO+ emission is weak in Fig. A.1. The profile shown (from
Lucas & Liszt 1996) is an average of positions around the con-
tinuum source to avoid contamination from absorption. The low
levels of HCO+ emission seen toward our sample of background
continuum sources can be understood as arising from relatively
low density gas (nH2 <∼ 100 cm−3) when the electron fraction is
as high as expected for diﬀuse gas, i.e. 2 × 10−4 (Lucas & Liszt
1994, 1996).
Appendix B: The ratio of total to absorbing HI
Shown in Fig. B.1 is a plot of the data from the tables of Heiles &
Troland (2003) that were used in Sect. 3 to convert the
∫
τ(Hi) dv
measurements in Fig. 1 to a total quantity of Hi. The plot shows
a regression line (power-law slope 0.84) fit to data points with
EB−V > 0.09 mag (the range occupied by the HCO+ detections in
Fig. 1) to point out a slight upturn at low
∫
τ(Hi) dv. The sample
means are largely unaﬀected by setting various sample selection
criteria.
Appendix C: A chemistry-based determination
of NH2/WCO
It is also possible to determine WCO/NH2 without the H I mea-
sure or formally estimating fH2 , although we preferred not to
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Fig. C.1. Integrated CO J = 1–0 brightness plotted against the
integrated HCO+ J = 1–0 optical depth. NHCO+ = 1.12 ×
1012 cm−2
(∫
τ(HCO+) dv/1 km s−1
)
. See Appendix D.
do this in the main discussion. In Fig. C.1 we show the vari-
ation of WCO with
∫
τ(HCO+) dv. CO appears reliably at de-
tectable levels WCO >∼ 0.3 K km s−1, NCO >∼ 3 × 1014 cm−2
when NHCO+ >∼ 3 × 1011 cm−2 or NH2 >∼ NHCO+/3 × 10−9 =
1020 cm−2. If XHCO+ = 3 × 10−9 the ensemble mean values
〈WCO〉 = 3.45 K km s−1,
〈∫
τ(HCO+) dv
〉
= 2.38 km s−1 imply
WCO = 1 K km s−1 per 2.6× 1020 H2 cm−2, just 30% above that
derived in Sect. 3.5.
The near linearity of the NCO–NHCO+ relationship in Fig. C.1
results from bulk averaging over whole lines of sight: given
the same general mix of conditions, an ensemble of richer and
poorer or shorter and longer sightlines will show proportional-
ities between almost any two quantities in this way. As shown
in Fig. A.1 there is no such proportionality on a per-component
basis. In detail, and with much scatter, the overall chemical vari-
ation is approximately NCO ∝ (NH2 )2 (Liszt 2007b; Sheﬀer et al.
2008).
Appendix D: Calculating the CO brightness
from galactic survey results
The statistics of observing the clumpy galactic molecular cloud
distribution are Poisson (Gordon & Burton 1976; Burton &
Gordon 1978) so the integrated CO brightness WCO(r) accumu-
lated when traversing a path of length r in the galactic plane is
WCO(r) = WCO0 (1 − exp (−r/λ)) (D.1)
where WCO0 is the characteristic brightness of a clump (GMC)
and λ is the geometric mean free path between clumps.
Although it is possible to derive WCO0 and λ separately, galactic
survey results are given in terms of a hybrid quantity ACO whose
units are K km s−1 per kpc corresponding to evaluating WCO(r)
when r  λ, i.e. WCO(r) = (WCO0 /λ) r = ACO r. The coeﬃ-
cient ACO is closely related to the mean density: just convert
WCO to NH2 . For H I the integrated brightness per unit distance
is directly converted into a mean density n(H I), if it is assumed
that the gas is optically thin.
The brightness of the CO cloud ensemble viewed vertically
through the galactic disk is then just ACO Δz, where Δz is the
equivalent thickness of the disk. For a Gaussian vertical distri-
bution with dispersion σz, Δz = (2π)1/2σz.
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Appendix E: Data
The data shown in Fig. 1 are tabulated in Tables E.1 and E.2. The sources of these data are discussed in Sect. 2.
Table E.1. Data used in this work.
Source l b EB−V a
∫
τ(Hi) dvb
∫
τ(HCO+) dvc WCOd
◦ ◦ mag km s−1 km s−1 K km s−1
B1748-253 3.745 0.635 7.86 45.37(0.40)
B2005+403 6.816 4.302 0.69 4.67(0.05) 0.41(0.02) <0.20
B1730-130 12.032 10.812 0.53 10.91(0.17) 1.16(0.02) 0.47(0.12)
B1908-210 16.857 −13.219 0.28 <0.30 <0.20
B1819-131 17.910 0.372 7.99 63.71(1.00)
B1817-098 20.711 2.293 1.55 20.62(0.49)
B1819-096 21.047 1.957 3.08 29.01(0.40)
B1829-106 21.347 −0.629 11.56 66.05(0.53)
B1741-038 21.591 13.128 0.58 8.20(0.11) 1.11(0.10) 1.11(0.07)
B1849+005 33.498 0.194 16.93 117.62(0.87)
B1749+096 34.920 17.644 0.09 <0.14 <0.20
B1909+049 39.694 −2.244 2.51 19.23(0.22)
B1910+052 40.100 −2.336 2.10 17.68(0.41)
B1843+098 41.112 5.772 0.57 6.71(0.16)
B1915+062 41.605 −2.928 1.43 12.78(0.27)
B1909+161 49.658 2.907 1.54 15.98(0.33) 4.47(0.06)
B1905+190 52.496 5.591 0.66 9.69(0.23)
B1923+210 55.557 2.264 1.87 21.01(0.28) 2.28(0.12) 2.66(0.07)
B1950+253 62.366 −0.956 3.15 29.38(0.33)
B1901+319 63.029 11.757 0.12 0.42(0.10)
B1641+399 63.455 40.948 0.04 <0.09 <0.20
B2145+067 63.656 −34.072 0.08 0.98(0.02) 0.23(0.07) <0.20
B2007+249 64.048 −4.334 1.27 14.12(0.21) 16.62(0.25)
J2023+319 71.397 −3.093 1.06 12.11(0.08) 1.55(0.04)
B2015+33A 72.226 −0.978 3.48 46.23(0.34)
B2015+33B 72.226 −0.981 3.48 37.55(0.43) 5.31(0.11)
B2023+336 73.129 −2.368 2.08 22.90(0.26) 3.43(0.02) 6.04(0.04)
B2048+313 74.585 −8.045 0.22 1.43(0.22)
B2013+370 74.866 1.224 1.78 39.67(0.60) 3.12(0.02) 1.49(0.06)
B1954+513 85.298 11.757 0.15 1.68(0.06) 1.89(0.04)
B1823+568 85.739 26.080 0.06 <0.20 <0.20
B2251+158 86.111 −38.184 0.11 1.78(0.01) 0.30(0.01) 0.91(0.04)
B2037+511 88.808 6.040 1.02 17.32(0.13) 0.65(0.17) 0.51(0.06)
B2022+542 90.093 9.665 0.35 4.17(0.16)
B2055+508 90.378 3.533 2.95 36.22(0.83) 19.65(0.12)
B2106+494 90.528 1.305 2.97 54.15(0.52) 15.53(0.09)
B2030+547 91.129 8.988 0.38 3.73(0.20)
B2200+420 92.590 −10.441 0.33 3.74(0.04) 2.36(0.03) 6.78(0.05)
B2154+483 95.584 −4.860 0.53 7.51(0.13)
B2111+620 100.287 9.429 0.84 10.72(0.18)
B2146+608 102.570 5.713 0.85 11.04(0.11)
B2201+62S 104.940 5.833 0.73 9.44(0.14)
B1928+738 105.625 23.541 0.13 0.73(0.03) <0.20
B2341+535 112.952 −7.745 0.33 5.62(0.09)
B2255+702 113.596 9.707 0.52 5.27(0.10)
B2357+554 115.718 −6.503 0.31 4.65(0.23)
B2357+55B 115.719 −6.498 0.31 2.27(1.10)
B2348+644 116.513 2.555 1.26 31.56(0.17)
B0012+610 118.548 −1.264 1.65 34.20(0.15) 0.59(0.06)
B0016+731 120.644 10.728 0.32 1.99(0.14)
B0041+660 122.253 3.449 2.18 44.63(0.32) 25.80(0.11)
B0052+681 123.351 5.503 1.00 10.79(0.06)
Notes. (a) Reddening from Schlegel et al. (1998) rms error is 16%; (b)
∫
τ(Hi) dv from Garwood & Dickey (1989) and (for J-sources) this work see
Sect. 2; (c)
∫
τ(HCO+) dv from Lucas & Liszt (1996), Liszt & Lucas (2000) and this work see Sect. 2; (d) WCO from Lucas & Liszt (1996), Liszt &
Lucas (1998) and this work see Sect. 2.
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Table E.2. Data used in this work (continued).
Source l b EB−V a
∫
τ(Hi) dvb
∫
τ(HCO+) dvc WCOd
◦ ◦ mag km s−1 km s−1 K km s−1
B0056+666 123.782 3.992 1.20 13.30(1.05)
J0102+584 124.426 −4.436 0.56 9.75(0.10) 0.34(0.01) <0.34
B0107+562 125.637 −6.231 0.39 4.56(0.07)
B0125+628 127.109 0.538 1.60 36.54(0.59) 6.81(0.09)
B0212+735 128.927 11.964 0.76 12.36(0.13) 4.98(0.20) 6.81(0.06)
B0205+614 132.064 0.210 1.55 27.59(0.45) 21.54(0.06)
B0224+671 132.122 6.234 1.00 14.73(0.24) 2.46(0.07) 2.27(0.06)
B0241+623 135.636 2.431 0.73 8.38(0.71)
B0323+55A 143.890 −1.057 1.75 37.96(0.30)
B0300+471 144.986 −9.863 0.25 4.99(0.14)
B0954+658 145.746 43.132 0.12 1.23(0.29) 1.94(0.04)
B0332+534 145.952 −1.6810 1.68 31.89(0.35)
B0334+506 147.809 −3.895 1.24 18.77(0.14)
B0430+587 148.581 7.536 0.54 5.80(0.19)
B0355+508 150.377 −1.604 1.50 42.79(1.10) 6.48(0.03) 16.82(0.12)
3C84 150.577 −13.261 0.05 <0.10 <0.20
B0442+506 155.877 3.460 0.94 13.14(0.21)
B0435+487 156.417 1.317 1.35 27.84(0.22)
B0235+164 156.772 −39.108 0.03 <0.20 <0.20
B0404+429 156.780 −6.586 0.49 11.73(0.13)
B0420+417 159.705 −5.382 0.74 12.93(0.12)
B0458+477 159.712 3.653 0.72 15.07(0.14)
B0406+386 159.845 −9.484 1.02 12.12(0.12)
B0429+416 160.965 −4.342 0.56 11.55(0.04)
B0415+379 161.686 −8.788 1.66 12.14(0.14) 13.34(0.65) 17.45(0.11)
B0442+39A 164.109 −3.656 0.56 6.69(0.12)
B0509+406 166.502 0.916 0.53 14.45(0.16)
B0552+398 171.647 7.285 0.44 7.71(0.12) 0.69(0.08) 0.33(0.04)
B0923+392 183.709 46.165 0.10 <0.09 <0.20
B0601+204 189.566 −0.640 1.37 33.58(0.56)
B0528+134 191.368 −11.012 0.89 11.88(0.20) 2.14(0.02) 2.53(0.06)
B0629+160 196.582 3.204 0.46 7.54(0.25)
B0622+147 196.983 1.103 0.82 26.07(0.46)
B0629+104 201.531 0.508 1.81 27.96(0.25)
B0630+082 203.544 −0.272 0.91 28.65(0.33)
B0624-058 215.439 −8.067 0.71 5.55(0.02)
J0008+686 215.752 −13.253 1.28 7.16(0.75) 13.79(0.05)
B0605-085 215.752 −13.523 0.58 2.17(0.25) 1.31(0.13)
B0736+017 216.990 11.380 0.13 2.96(0.17) 0.89(0.10) 0.92(0.04)
B0607-157 222.611 −16.183 0.26 0.36(0.09) <0.20
B0727-115 227.768 3.140 0.30 6.81(0.14) 0.55(0.02) 0.81(0.04)
B0733-174 233.585 1.444 0.92 20.00(0.13)
B0709-206 233.670 −5.021 0.98 19.22(0.28)
B0704-231 235.337 −7.218 0.33 7.28(0.10)
B1055+018 251.513 52.775 0.20 <0.24 <0.20
3C273 289.954 64.360 0.03 <0.08 <0.20
3C279 305.107 57.062 0.05 <0.07 <0.20
B1334-127 320.026 48.374 0.04 <0.17 <0.20
B1714-397 347.748 −1.142 3.53 39.45(0.20)
B1705-353 350.339 2.768 1.74 21.39(1.30)
B1714-336 352.735 2.393 2.42 29.58(0.88)
B1711-285 356.516 5.884 0.60 8.64(0.27)
Notes. (a) Reddening from Schlegel et al. (1998) rms error is 16%; (b)
∫
τ(Hi) dv from Garwood & Dickey (1989) and (for J-sources) this work see
Sect. 2; (c)
∫
τ(HCO+) dv from Lucas & Liszt (1996), Liszt & Lucas (2000) and this work see Sect. 2; (d) WCO from Lucas & Liszt (1996), Liszt &
Lucas (1998) and this work see Sect. 2.
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ABSTRACT
Aims. We wish to relate the degree scale structure of galactic diﬀuse clouds to sub-arcsecond atomic and molecular absorption spectra
obtained against extragalactic continuum background sources.
Methods. We used the ARO 12 m telescope to map J = 1−0 CO emission at 1′ resolution over 30′ fields around the positions
of 11 background sources occulted by 20 molecular absorption line components, of which 11 had CO emission counterparts. We
compared maps of CO emission to sub-arcsec atomic and molecular absorption spectra and to the large-scale distribution of interstellar
reddening.
Results. 1) The same clouds, identified by their velocity, were seen in absorption and emission and atomic and molecular phases,
not necessarily in the same direction. Sub-arcsecond absorption spectra are a preview of what is seen in CO emission away from the
continuum. 2) The CO emission structure was amorphous in 9 cases, quasi-periodic or wave-like around B0528+134 and tangled
and filamentary around BL Lac. 3) Strong emission, typically 4−5 K at EB−V ≤ 0.15 mag and up to 10−12 K at EB−V <∼ 0.3 mag
was found, much brighter than toward the background targets. Typical covering factors of individual features at the 1 K km s−1 level
were 20%. 4) CO-H2 conversion factors as much as 4−5 times below the mean value N(H2)/WCO = 2 × 1020 H2 cm−2 (K km s−1)−1 are
required to explain the luminosity of CO emission at/above the level of 1 K km s−1. Small conversion factors and sharp variability of
the conversion factor on arcminute scales are due primarily to CO chemistry and need not represent unresolved variations in reddening
or total column density.
Conclusions. Like Fermi and Planck we see some gas that is dark in CO and other gas in which CO is overluminous per H2. A standard
CO-H2 conversion factor applies overall owing to balance between the luminosities per H2 and surface covering factors of bright and
dark CO, but with wide variations between sightlines and across the faces of individual clouds.
Key words. ISM: clouds – ISM: molecules
1. Introduction
With somewhat imprecise boundaries, interstellar clouds are
generally classed as diﬀuse, AV <∼ 1 mag, or dark, AV >∼ 4−6 mag,
with an intermediate translucent regime (Snow & McCall 2006).
In diﬀuse clouds the dominant form of carbon is C+ and hy-
drogen is mostly atomic, although with a very significant over-
all admixture of H2, 25% or more as a global average (Savage
et al. 1977; Liszt et al. 2010). In dark or molecular clouds
the carbon is overwhelmingly in CO with an admixture of C I
and the hydrogen resides almost entirely in H2. The popula-
tion of diﬀuse clouds is sometimes called H I clouds in radio
astronomical terms.
The shadows of dark clouds are seen outlined against
brighter background fields and the clouds themselves are of-
ten imaged in the mm-wave emission of CO and many other
species: the 12CO(1−0) sky (Dame et al. 2001) is usually (and in
part incorrectly, see below) understood as a map of fully-
molecular clouds. The shadows of H I or diﬀuse clouds are their
absorption-line spectra and for the most part, individual diﬀuse
clouds are known only as kinematic features in optical and/or
? Based on observations obtained with the ARO Kitt Peak 12 m
telescope.
?? Appendices are available in electronic form at
http://www.aanda.org
radio absorption spectra. No means exist to image individual
diﬀuse clouds at optical wavelengths and attempts to map in-
dividual H I clouds at radio wavelengths are generally frustrated
by the blending and overlapping of contributions from multiple
clouds and gas phases. This lack of identity has greatly com-
plicated our ability to define diﬀuse clouds physically because
absorption lines do not generally permit a direct determination
of the cloud size or internal density.
When diﬀuse clouds discovered in absorption-line spectra
have a suﬃciently high complement of molecules they may be
imaged at radio wavelengths in species such as OH and CH and,
most usefully, CO. Despite a low fractional abundance of CO
relative to H2, 〈X(CO)〉 = 3 × 10−6 (Burgh et al. 2007), mapping
is facilitated by an enhanced brightness of the J = 1−0 line in
diﬀuse gas: the temperature is somewhat elevated (TK >∼ 25 K),
the density is comparatively small at typical ambient thermal
pressure (Jenkins & Tripp 2011) and the rotation ladder is sub-
thermally excited. In accord with theory (Goldreich & Kwan
1974), it is found observationally that there is a simple, lin-
ear proportionality between the integrated intensity WCO of the
CO J = 1−0 lines and the CO column density, even when the gas
is optically thick: N(CO) ≈ 1015 cm−2 WCO/K km s−1 for WCO ≈
0.2−6 K km s−1 (Liszt & Lucas 1998; Liszt 2007). Per molecule,
the ratio WCO/N(CO) is 30−50 times higher in diﬀuse gas, com-
pared to conditions in dense shielded fully-molecular gas where
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the rotation ladder is thermalized (Liszt et al. 2010). Of course
this is of substantial assistance in the present work. Conversely,
the high brightness (5−12 K) of many of lines we detected
should not be taken as discrediting their origin in diﬀuse gas.
Earlier we showed that, in the mean, CO-H2 conversion fac-
tors are similar in diﬀuse and dense fully molecular gas (Liszt
et al. 2010), because the small abundance of CO relative to H2
in diﬀuse gas is compensated by a much higher brightness per
CO molecule. But the proportionality between WCO and N(CO)
in diﬀuse gas, where CO represents such a small fraction of the
available gas phase carbon, means that the CO map of a dif-
fuse cloud is really an image of the CO chemistry. Moreover
the CO abundance exhibits extreme sensitivities to local con-
ditions that are manifested as order of magnitude scatter in
N(CO)/N(H2) in optical absorption line studies (Sonnentrucker
et al. 2007; Burgh et al. 2007; Sheﬀer et al. 2007, 2008), even
beyond the often-rapid variation of N(H2) with EB−V (Savage
et al. 1977) (EB−V ≈ AV/3.1). The net result is that the CO emis-
sion map of a diﬀuse cloud can only indirectly be interpreted as
tracing the underlying mass distribution, or even that of the H2.
Nonetheless, it should (we hope) provide some impression of
the nature of the host gas, especially in the absence of any other
means of ascertaining this.
In this paper we present maps of CO J = 1−0 emission
at arcminute resolution over 11 sky fields, typically 30′ × 30′
around the positions of compact extragalactic mm-wave con-
tinuum sources that we have long used as targets for absorp-
tion line studies of the chemistry of diﬀuse clouds. As is the
case for nearly all background sources seen at galactic latitudes
|b| < 15−18◦, and for some sources at higher latitudes, the cur-
rent targets were known to show absorption from HCO+ and
from one or more other commonly-detected species (OH, CO,
C2H, C3H2); most but not all directions also were known to show
CO emission in at least some of the kinematic features present
in absorption.
This work is organized as follows. The observational mate-
rial discussed here is summarized in Sect. 2. In Sects. 3−5 we
discuss the new maps with sources grouped in order of kine-
matic complexity. Section 6 is an intermediate summary of the
lessons drawn from close scrutiny of the maps. Section 7 briefly
discusses the influences of galactic and internal cloud kinematics
and Sect. 8 presents a comparison of CO intensity and reddening
within a few of the simpler individual fields. Appendix A shows
a few position-velocity diagrams that, while of interest, could
be considered redundant with those shown in the main text in
Figs. 13 and 14. Figures B.1 and B.2 in Appendix B show the tar-
get lines of sight in the context of large-scale galactic kinematics
sampled in H I emission.
2. Observational material
2.1. CO J = 1–0 emission
On-the-fly maps of CO J = 1−0 emission were made at the
ARO 12 m telescope in 2008 December, 2009 January and
2009 December in generally poor weather using filter banks with
100 kHz or 0.260 km s−1 channel spacing and spectral resolu-
tion. System temperatures were typically 450−750 K. The data
were subsequently put onto 20′′ pixel grids using the AIPS tasks
OTFUV and SDGRD; the final spatial resolution is 1′. Most
maps are approximately 30′ × 30′ on the sky and were com-
pleted in 4−5 h total observing time. The new CO emission data
are presented in terms of the T ∗R scale in use at the 12 m antenna
and all velocities are referred to the kinematic Local Standard
of Rest. The typical rms channel-channel noise in these maps
at 1′ and 0.26 km s−1 resolution is 0.4−0.5 K; their sensitivity is
rather moderate and the detectability limit is of order 1 K km s−1
for a single line component.
More sensitive CO J = 1−0 line profiles at higher spectral
resolution (25 kHz) had been previously observed toward the
continuum sources as part of our survey eﬀorts, for instance see
Liszt & Lucas (1998). It is these profiles that are displayed in
the figures shown here representing emission in the specific di-
rection of the background target and used to calculate line profile
integrals as quoted in Table 1.
Many interstellar clouds lie at distances of about 150 pc from
the Sun, just outside the Local Bubble. At this distance the 1′ res-
olution of our CO mapping corresponds to 0.041 pc.
2.2. H I absorption and emission and N(H I)
The λ 21 cm H I absorption spectra shown here are largely from
the work of Dickey et al. (1983) augmented by a few spectra
taken at the VLA in 2005 May. The spectral resolution of this
data is 0.4−1.0 km s−1.
Figures B.1 and B.2 of the Appendix B show latitude-
velocity diagrams of H I emission drawn from the Leiden-
Dwingeloo Survey of Hartmann & Burton (1997).
The H I column densities quoted in Table 1 were derived in
one of two ways. Where an H I absorption profile exists we ap-
plied the formula given in footnote 3 to Table 1, which is an em-
pirical relation derived by Liszt et al. (2010) using the Arecibo
H I emission-absorption survey data of Heiles & Troland (2003).
The eﬀective H I spin temperature implied by use of this formula
is 143 K. In other cases (see footnote 4 to Table 1) we apply the
optically-thin limit to the data of Hartmann & Burton (1997).
2.3. Molecular absorption
Also shown here are spectra of λ18 cm OH absorption from
Liszt & Lucas (1996), λ6 cm H2CO from Liszt et al. (2006), J =
1−0 mm-wave absorption spectra of CO (Liszt & Lucas 1998),
HCO+ (Lucas & Liszt 1996), HCN and HNC (Liszt & Lucas
2001), CS J = 2−1 (Lucas & Liszt 2002) and the 87.32 GHz
N = 1−0, J = 3/2−1/2, F = 2−1 transition of C2H (Lucas &
Liszt 2000).
2.4. Reddening
Maps of reddening were constructed from the results of Schlegel
et al. (1998). This dataset has 6′ spatial resolution on a 2.5′ pixel
grid. The stated single-pixel error is a percentage, 16%, of the
pixel value. On average, 1 mag of reddening corresponds to a
neutral gas column N(H) = 5.8 × 1021 cm−2 (Savage et al. 1977).
2.5. Target fields
The positions and other observational properties are summarized
in Table 1 where the sources are grouped according to their or-
der of presentation in Sects. 3−5. The groups appear in order
of increasing reddening and gas column density and decreasing
distance from the galactic plane. The line profile integrals WCO
quoted in Table 1 result from the more sensitive earlier observa-
tions noted in Sect. 2.1. The mean values quoted for WCO along
individual sightlines are averages over the new map data taken
for this work.
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Table 1. Continuum target, line of sight and map field properties1 .
Target RA Dec l b Map EB−V 2 N (H I)3 N(H2)4 fH2 7 WCO 〈WCO〉
(J2000) (J2000) size mag 1020 cm−2 1020 cm−2 K km s−1 K km s−1
B0736+017 07:39:18.03 01:37:04.6 216.99 11.38 15′ 0.13 7.7 3.3 0.46 0.8 0.4
B0954+658 09:58:47.24 65:33:54.7 145.75 43.13 30′ 0.12 5.35 4.8 0.64 1.6 0.6
B1730-130 17:33:02.66 –13:04:49.5 12.03 10.81 30′ 0.53 28.3 4.3 0.23 0.4 0.4
B1928+738 19:27:48.58 73:58:01.6 105.63 23.54 20′ 0.13 7.25 2.7 0.43 <0.2 0.0
B1954+513 19:55:42.69 51.31:48.5 85.30 11.76 30′ 0.15 12.75 5.0 0.44 1.6 0.3
B2251+158 22:53:57.71 16:08:53.4 86.11 –38.18 30′ 0.10 4.6 1.2 0.34 0.8 0.2
B0528+134 05:30:46.41 13:31:55.1 191.37 –11.01 30′ 0.89 30.9 7.9 0.34 2.2 2.6
B2200+420 22:02:43.24 42:16:39.9 92.59 –10.44 30′ 0.33 9.7 8.8 0.66 5.8 3.7
B0212+735 02:17:30.81 73:49:32.6 128.93 11.96 30′ 0.76 32.1 18.6 0.54 5.8 1.56
B0224+671 02:28:50.03 67:21:31.3 132.12 6.23 30′ 1.00 38.3 9.2 0.32 1.9 4.0
B0355+508 03:59:29.73 50:57:50.1 150.38 –1.60 30′x 50′ (1.50)6 111.3 24.2 0.30 14.3 4.2
Mean 0.41 17.7 6.58 0.43 2.09 1.38
Notes. (1) Sources are placed in three groups according to their discussion in Sects. 3−5; (2) from Schlegel et al. (1998); (3) N(H I) = 2.6 ×
1020 cm−2
∫
τ(H I)dv (see Sect. 2) except where noted; (4) N(H2) = N(HCO+)/3 × 10−9 see Sect. 2.7; (5) from Hartmann & Burton (1997), N(H I) =
1.823 × 1018 cm−2 ∫ TB(H I)dv; (6) at such a low galactic latitude EB−V is not reliably determined; (7) fH2 = 2N(H2)/(N(H I) + 2N(H2)).
Fig. 1. Outer-galaxy finding chart for the sources studied here except B1730-130 at l = 12◦, see Table 1. The colored background is reddening
at 6′ resolution (Schlegel et al. 1998) truncated at a maximum of 2.4 mag as shown on the bar scale at left. Positions of continuum sources are
indicated (see Table 1) along with a few other objects: the high-latitude molecular clouds MBM23 and MBM 53 (Magnani et al. 1985); TMC-1;
SAMS 1 and 2 (Heithausen 2004); and two Perseus stars commonly used for optical absorption line studies.
Table 2 gives some pixel statistics about noise levels and spa-
tial covering factors as discussed in Sect. 8.
2.6. Presentation of observations
A finding chart including all sources except B1730-130 is shown
in Fig. 1 where the locations of the background targets are shown
on a large-scale map of reddening, along with locations of a few
other landmark objects as noted in the figure caption.
Maps and spectra of the target fields and background sources
are shown in Figs. 2−12. Within each of three groups, sources
appear in order of increasing right ascension. Members of the
first group, shown in Figs. 2−7 and discussed in Sect. 3, are the
simplest kinematically. Figures 8 and 9 show the fields around
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Table 2. Noise levels and spatial covering factors.
Target V σprofile σmap f>1a f>2b
km s−1 K K km s−1
B0736 5.1,7.2 0.43 0.48 0.18 0.07
B0954 2.6,5.2 0.25 0.33 0.20 0.12
B1730 4.0,6.1 0.36 0.52 0.20 0.03
B1928 –4.2, –0.8 0.46 0.52 0.03 0.00
B1954 –1.0, 2.4 0.33 0.35 0.20 0.13
B2251 –10.8, –7.9 0.28 0.32 0.06 0.02
B0528 0.6.3.7 0.23 0.36 0.07 0.05
8.9,11.7 0.33 0.69 0.46
B2200 –3.8, 2.8 0.39 0.63 0.61 0.50
B0212 –14.1, –7.9 0.30 0.80 0.26 0.11
–1.4, 1.0 0.36 0.03 0.01
1.3, 4.9 0.66 0.34 0.19
B0224 –17.1, –11.9 0.43 0.76 0.14 0.03
–11.6, –9.2 0.60 0.33 0.20
–9.2, –5.1 0.56 0.39 0.20
–4.9, –2.0 0.47 0.47 0.33
–2.0, –0.2 0.39 0.05 0.28
–0.2 ... 2.0 0.42 0.09 0.03
B0355 –19.2, –15.9 0.35 0.63 0.18 0.07
–15.8, –11.7 0.92 0.43 0.28
–11.1, –9.8 0.59 0.34 0.18
–9.6, –7.3 0.62 0.34 0.10
–6.0, –1.4 0.79 0.17 0.04
Notes. (a) Fraction of mapped area with WCO ≥ 1 K km s−1; (b) fraction
of mapped area with WCO ≥ 2 K km s−1.
the background sources B0528+134 and B2200+420 (BL Lac)
that are also kinematically simple but are heavily patterned and
rather bright in CO emission; these are discussed in Sect. 4.
Figures 10−12 (Sect. 5) show the results over three target
fields with rather amorphous structure whose kinematics are
too complex to fit into the framework in which the data for
the other sources are presented in earlier figures. Two of these
sources (B0212+735 and B0224+671) are relatively near each
other on the sky and sample similar galactic structure while the
third target B0355+508 (NRAO150) is the only source within 2◦
of the galactic equator (see Table 1).
The format of Figs. 2−11 is: at upper left a 90′ map of EB−V
from the dataset of Schlegel et al. (1998), with an inset showing
the field of view mapped in CO, typically 30′ on a side; at lower
left a map of WCO; at lower right various atomic (H I) and molec-
ular absorption spectra showing the kinematic structure toward
the background source; at upper right, CO emission spectra of
various sorts as depicted in the figure captions. The absorption
spectra shown at lower right in these figures are somewhat inho-
mogeneous because not all sources have the same full comple-
ment of profiles. In general, H I is at the bottom wherever pos-
sible and above that are spectra of the most common molecules
observed in absorption; HCO+, observed toward all targets, OH,
C2H and/or CO. The uppermost spectrum wherever possible is
a species like H2CO or HNC (Liszt et al. 2006; Liszt & Lucas
2001) that is detected less commonly and is indicative of greater
chemical complexity.
Also shown for all sources are CO emission spectra at var-
ious locations in the field mapped, as indicated in the spectra.
More complex aspects of the presentation are discussed in the
individual figure captions.
2.7. Molecular gas properties in the current sample
The sightlines studied here were selected on the basis of their
known HCO+ absorption spectra, creating the possibility that
the sample is biased to large molecular fractions and/or strong
CO emission. However, it was earlier noticed in a flux-limited
survey (Lucas & Liszt 1996) not based on prior knowledge of
CO emission that very nearly all sightlines at galactic latitudes
within about 15◦ of the galactic equator show HCO+ absorp-
tion. Our present tally, slightly extending the earlier result, is that
HCO+ absorption occurs toward 19 of 19 sources at |b| <∼ 12◦, to-
ward 22 of 25 sources at |b| <∼ 18◦ and toward 4 out of 12 sources
at |b| >∼ 23◦ including three shown here. Thus it is a near certainty
that HCO+ absorption would be detected over the entirety of the
sky fields mapped here below about 15◦−18◦, no matter what is
the covering factor of detectable CO emission. This is discussed
in Sect. 8 immediately following the more descriptive portions
of the text.
If we discuss the mean properties of the ten sightlines in
Table 1 having reliably determined EB−V (all except B0355+508
that lies too near the galactic plane) in the same terms that we
used earlier to derive the mean CO-H2 conversion factor in dif-
fuse gas, (Liszt et al. 2010), we derive an ensemble average
N(H2)
WCO
=
5.8 × 1021 cm−2〈EB−V〉 − 〈N(H I)〉
〈2WCO〉
= 1.52 × 1020 cm−2 (K km s−1)−1,
i.e., 25% smaller than the previous result found a larger sam-
ple. In the same terms, the mean atomic gas fraction is
〈N(H I)〉/〈N(H)〉 = 0.74, as opposed to 0.65 found earlier.
Estimates of N(H2) based on assuming the ensemble-average
mean value (Liszt et al. 2010) N(HCO+)/N(H2) = 3 × 10−9
along each line of sight are also given in Table 1. They indi-
cate higher molecular fractions and somewhat higher total col-
umn densities N(H) than are found using scaled EB−V for N(H)
and using the decomposition discussed just above based on
subtracting N(H I) from N(H) determined as the scaled EB−V .
Specifically the chemistry-based ensemble average is 〈 fH2 〉 =〈2N(H2)〉/〈(N(H I)+2N(H2)〉 = 0.43.
3. Six simple fields at moderate-high latitude
3.1. B0736+0117 (b ∼ 11◦)
The 15′ sky field around B0736+016 shown in Fig. 2 is the
smallest and kinematically simplest field studied; the map was
made on the spur of the moment in a relatively brief open pe-
riod between two other larger maps. The reddening is modest
over the area of the CO map shown in Fig. 2, EB−V <∼ 0.165 mag
but the molecular fraction implied by the entries in Table 1 is
of order 30−50%. Toward the source the integrated CO is fairly
weak, <0.8 K km s−1 but a very slightly blue-shifted 4.5 K line
is found within just a few arcminutes.
3.2. B0954+658 (b ∼ 43◦)
This source (Fig. 3) is seen at the upper tip of the Polaris Flare
near the location of the M 81 group and the so-called small
area molecular structures mapped by Heithausen (2004) (see the
finding chart in Fig. 1). As toward B0736+017, a fairly strong
CO line, 5 K, is seen within a few arcminutes of the background
target where the CO brightness is more modest, 2 K.
The reddening is very moderate but a high molecular frac-
tion, above 50%, is suggested by comparing the value of N(H2)
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Fig. 2. The sky field around the position of B0736+017. Upper left: reddening at 6′ resolution (Schlegel et al. 1998). The inscribed white
rectangle shows the smaller region mapped in CO emission. Lower left: integrated CO emission WCO in units of K km s−1; contour levels are
in 1, 2, ... K km s−1. Lower right: absorption line profiles, scaled as noted. Upper right: CO emission, toward B0736+017 and at the peak of the
nearby CO distribution.
in Table 1 with N(H I) or EB−V . Consistent with this high molec-
ular fraction and the relative simplicity of a higher-latitude line
of sight, this field is the only one studied in which there is a
strong proportionality between EB−V and WCO, as discussed in
Sect. 8. The complement of supporting material is disappoint-
ingly slender.
3.3. B1730-130 (b ∼ 11◦)
The reddening is relatively large over this field (Fig. 4) and the
HCO+ absorption is strong, implying a molecular fraction of or-
der one-third, but CO emission is very weak toward the back-
ground continuum source (WCO = 0.4 K km s−1) and absent over
most of the field mapped. Much stronger but still rather weak
emission (1.5 K) is seen 15′ to the northwest as indicated in
Fig. 4. All of the absorption profiles shown in Fig. 4 have a red-
ward wing that is separately visible in the two spatially-averaged
CO profiles shown at upper right.
3.4. B1928+738 (b ∼ 23.5◦)
CO emission is absent over the entire 20′ field shown in Fig. 5
despite the presence of fairly strong HCO+ absorption and a
suggested molecular fraction approaching 40%. The reddening
is modest, approximately 0.15 mag around the target, but the
implied CO-H2 conversion factor is very large; from the entries
in Table 1 we have N(H2)/WCO > 2.5× 1021 cm−2 at the 2σ level.
3.5. B1954+513 (b ∼ 12◦)
The reddening in the field around this source is modest, 0.18 mag
(see Figs. 6 and 17), and CO emission toward the background
continuum source is unimpressive (2 K) but the HCO+ absorp-
tion is strong and the molecular fraction is of order 40%. Two
kinematic components are found in the field with 4.5 K peak
brightness, only one of which is seen toward B1954 in either
emission or absorption.
3.6. B2251+158 = 3C 454.3 (b ∼ −38 ◦)
As shown in Fig. 1, this very strong continuum source is seen
about 3◦ removed from an elongated complex of high-latitude
clouds that includes the objects MBM53-55 (Magnani et al.
1985) and new clouds discovered by Yamamoto et al. (2003).
B2251+158 lies within the region surveyed by Yamamoto et al.
(2003) in CO but the emission detected here (see Fig. 7) escaped
their notice, presumably because of their 4′ map sampling of the
2.7′ beam. The reddening is moderate, EB−V <∼ 0.11 mag (see
Fig. 7) and CO emission toward the continuum source is quite
weak (0.8 K). However, much stronger emission (5 K) is seen
A58, page 5 of 23
A&A 541, A58 (2012)
0.06
0.04
0.2
0.03
10h05m 10h00m 9h55m
66˚00'
65˚30'
65˚00'
α (J2000)
δ 
(J2
00
0)
0.120.08 0.1
0.14
0.16
0.08 0.12 0.1
B0954+658
1
2
3
46 5
1
2
7.2
0
10h00m 9h58m
65˚40'
65˚30'
65˚20'
B0954+658
α(J2000)
δ(J
20
00
)
0 5 10
1
0
VLSR (KM S-1)
e-
τ -
1
HCO+
C2Hx4.43
5
4
3
2
1
0
T r
*
 
[K
elv
in]
B0954
peak
CO
Fig. 3. The sky field around the position of B0954+658, as in Fig. 2.
only 5′ away, as with B0736, B0954 and B1954. There is no ob-
vious large-scale correlation of the CO emission with reddening,
as evidenced by the weakness of the CO at the position of highest
reddening in the larger field shown at upper left in Fig. 7 (i.e. the
spectrum labeled “NW” at upper right there). The relationship
between WCO and EB−V is shown in Figs. 16, 17.
The blue wing of the peak emission and the line seen at the
northwest reddening peak both fall to the blue of the CO emis-
sion or absorption seen toward B2251. Nonetheless they over-
lap a weaker blue wing of the HCO+ absorption that has no
counterpart in CO emission, and they fill in a portion of the
H I absorption spectrum.
4. Two unusual fields at moderate latitude
4.1. B0528+134 (b ∼ −11 ◦)
Mm-wave absorption toward B0528+134 (Fig. 8) was first dis-
cussed by Hogerheijde et al. (1995). This object is viewed
against the outer edge of the dark cloud B30 in the λOrionis ring
of molecular clouds (Maddalena & Morris 1987) that is centered
on the H II region S264 and its central ionizing star Lambda Ori
(Fig. 1). There is a very substantial foreground reddening EB−V =
0.86 mag and much more heavily extincted regions in the field
to the South.
Although CO emission toward B0528+134 is fairly weak,
2.3 K, emission over the surrounding field is characterized
by a pronounced quasi-periodic pattern with some very strong
(10−12 K) and narrow CO emission lines: emission is un-
detectable over much of the intervening troughs. A similar
wavelike pattern may have been observed across the surface of
the Orion molecular cloud by Berné et al. (2010).
A weak blue-shifted component of HCO+ absorption that is
absent in CO toward B0528 has a very bright CO emission coun-
terpart to the Southeast as shown in Fig. 8. Despite an 8 km s−1
velocity diﬀerence, the blueshifted emision line gives the strong
visual impression of being physically associated with the main
kinematic component at 10 km s−1, see the map at lower left in
Fig. 8. The kinematic span of the CO emission seen at top right
in Fig. 8 neatly coincides with the extent of the H I absorption
toward B0528+134.
4.2. B2200+420 = BL Lac (b ∼ −10 .5 ◦)
This target (see Fig. 9) was the first source seen in mm-wave
absorption from diﬀuse gas (Marscher et al. 1991), in CO ac-
tually, and was also the first seen in HCO+ absorption in our
work (Lucas & Liszt 1993). CO emission toward the source is
fairly strong, 4 K or 6 K km s−1 and the line is quite opaque.
The molecular column density indicated by the strong HCO+ ab-
sorption is about as large as N(H) inferred from EB−V =
0.32 mag, given the EB−V − N(H) relationship N(H) = 5.8 ×
1021 cm−2 EB−V of Savage et al. (1977).
The CO emission in this field originates from an unusual fil-
amentary morphology (Fig. 9 at lower left) at the edge of an
arched pattern in the reddening map. The integrated intensity
takes on very large values within the field, up to 20 K km s−1 but
the profile is compound and relatively broad. Toward the contin-
uum source only the blue side of the core of H I absorption is
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seen strongly in molecular absorption or CO emission but a red-
shifted CO emission component overlaying the red side of the
H I line core is present to the Northeast as indicated in Fig. 9.
5. Three complex fields at low-moderate latitude
5.1. B0212+735 (b ∼ 12 ◦)
B0212+735 (Fig. 10) sits in a mild trough with EB−V ≈ 0.76 mag
in a region of substantial reddening at moderate galactic latitude
b = 12◦. It has three molecular absorption components whose
balance is entirely opposite to that of H I. Whereas most of
the atomic absorption toward B0212+725 occurs in a deep and
broad feature at v <∼ 10 km s−1, most of the molecules are con-
centrated in a narrower-lined feature at v ≈ 4 km s−1. An obvious
molecular absorption feature at 0-velocity is, very unusually, not
apparent in H I. It seems possible that the low velocity resolu-
tion of the H I profile (1 km s−1) is responsible. The only other
published example of this phenomenon is toward B0727-115
(Lequeux et al. 1993).
The CO emission line kinematics have been color coded at
lower left in Fig. 10 to display the observed behavior in one
panel. The gray-scale background represents the integrated in-
tensity of the gas at 1.5−5 km s−1; higher resolution mapping
with the IRAM 30 m telescope to be discussed in a forthcom-
ing paper indicates that the feature is compound but this is not
apparent in the present dataset. The blue contours represent the
CO profile integral at −16 km s−1 ≤ v ≤ −9.5 km s−1; consistent
with the prominence of this gas in H I, it is almost as widely dis-
tributed over the field as the stronger emission at 1.5−5 km s−1
(Table 2: 26% vs. 34%) even if it is barely seen toward the con-
tinuum. The profile labeled “A” at upper right is an example.
The green contours represent the profile integral at −2 km s−1 ≤
v ≤ 1 km s−1 and an example is shown at upper right as pro-
file “B”. Emission from this gas occurs only at the eastern edge
of the map area.
5.2. B0224+671 (b ∼ 6 ◦)
This line of sight toward B0224+671 (Fig. 11) samples the two
lower-velocity features seen toward B0212+735 but at substan-
tially lower galactic latitude b = 6.2◦, see Table 1. The extinction
is large in this field as are the H I and inferred H2 column den-
sities. CO emission is weak on a per-component basis toward
the continuum target but fairly total large values of WCO are at-
tained overall.
The integrated CO emission is compact but rather form-
less because it is the sum of many kinematic components.
Paradoxically, the strongest molecular features seen toward and
near B0224+671 are not widely distributed over the map area
as shown in the middle panel at right in Fig. 11 comparing
the profile toward B0224+671 with the unweighted average
of all profiles denoted “〈otf〉”: the strongest emission peak, at
the red edge of the CO emission profile toward B0224+671
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Fig. 5. The sky field around B1928+738. The emission profile at upper right labeled 〈otf CO〉 is the mean over the 20′ × 20′ region mapped in CO.
is strongly underrepresented in the mean profile. Examples of
profiles seen over the map area are shown at upper right in
Fig. 11; they were chosen at local peaks in more finely-divided
(in velocity) maps of integrated intensity, with velocity increas-
ing from a to g. Especially at v < 0 km s−1 the lines shown are
much stronger than seen toward the continuum. Among them,
the various CO emission components cover the range of strong
H I absorption toward the continuum source, −15 km s−1 ≤
v ≤ 2 km s−1. B0224 and B0212 have similar absorption spectra
in that both have stronger atomic absorption at v < −10 km s−1
where the molecular absorption is weaker. They thus sample the
same large-scale gas kinematics although they are separated by
about 15 pc, assuming they lie on a sphere of 150 pc radius.
5.3. B0355+508 = NRAO150 (b ∼ −1 .6 ◦)
This is the only low-latitude source studied here. The more
strongly blue-shifted gas seen in this direction is likely to be rel-
atively distant. The actual velocity field is probably aﬀected by
galactic streaming motions but a typical velocity gradient due to
galactic rotation in this direction is 8 km s−1 kpc−1.
Figure 12 does not display a map of the reddening for this
source because the reddening maps are not believed to be accu-
rate at such low galactic latitudes. Taken as a whole the line of
sight is very heavily extincted, with large columns of both H I
and H2 (Table 1). However, the high inferred H2 column density
is the sum of components whose individual values indicate that
they have AV ≈ 1 mag.
The absorption profiles toward B0355+508 at lower right in
Fig. 12 show five obvious HCO+ and CO components having
roughly equal N(HCO+) ≈ 1.2 × 1012 cm−2 and somewhat more
variable N(CO) (Liszt & Lucas 1998). Only two have substantial
abundances of less-common species such as HCN. Less obvious
is the fact that the HCO+ absorption profile has a weak broad
blue wing extending to −35 km s−1 so that the entire core of the
H I absorption line is seen in molecular gas (see Liszt & Lucas
2000).
Shown at the top in Fig. 12 are CO integrated intensity maps
made over velocity intervals corresponding to the obvious HCO+
and CO absorption line features; a map integrated over all veloc-
ities is shown in the top right-most panel. The CO emission dis-
tribution is heavily structured and very complex. Profiles at posi-
tions of local peaks in narrower CO integrated intensity maps are
shown at lower left, along with profiles at the integrated emis-
sion peak (see Fig. 12 at top right) and toward the background
source. At the eastern edge of the map at position “a” there is a
blue-shifted CO emission line that (unusually) falls outside the
range of the strong molecular absorption toward B0355+508 but
is well inside the H I absorption profile. A very bright (>10 K)
line is found at v = −4.5 km s−1 at the northern edge of the map
at position f, corresponding to a prominent molecular absorption
feature that has only a very weak emission counterpart toward
the continuum.
The middle right panel displays the profile toward the con-
tinuum background source and the profile averaged over the
mapped field of view. The kinematics of this region are shown in
more detail in Fig. 15 and discussed in Sect. 7.2. The displace-
ment of the two strong CO emission lines about the centroid of
the mean profile results from a coherent kinematic patttern, per-
haps a shell or bubble in the underlying gas distribution. Recall,
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however that absorption at the mean field velocity is not absent
toward the continuum source.
The complexity of the emission distribution makes the di-
vision into ranges based on HCO+ absorption quite arbitrary.
Moreover, the emission and absorption profiles show rather
diﬀerent structure even toward the continuum target. A very
detailed discussion of CO emission within a 90′′ field centered
on NRAO150 was given by Pety et al. (2008). Remarkably, the
peak emission brightness seen just 6′′ from the background con-
tinuum source is almost 13 K. As the spatial resolution increases,
the CO emission profile toward B0355 more nearly resembles
the absorption and the blended emission at v ≈ −10 km s−1
resolves into two distinct components.
Conversely, in the present dataset, the emission components
seen toward B0355+508 lose their identity as the resolution de-
grades below a 4′ hpbw. Both the peak profile and the mean are
broad, largely unstructured and centrally peaked about veloci-
ties lying between the two strong CO emission components seen
toward the background.
6. Statistical lessons
Faute de mieux, the first surveys for suitable absorption-line tar-
gets were conducted in CO emission (Bania et al. 1991; Liszt &
Wilson 1993; Liszt 1994) but the discovery of yet more common
HCO+ absorption (Lucas & Liszt 1996) caused a reversal in the
search strategy for diﬀuse molecular gas. Thus, all targets stud-
ied here were pre-selected to have absorption from HCO+ but
only some were known to have CO emission. However any divi-
sion between targets with and without CO emission is mislead-
ing because the same sightline may have and lack CO emission
on a per-component basis.
Stronger CO emission is always found somewhere else in the
map when CO is present toward the continuum but comparably
strong CO emission was found, somewhere on the sky, from ab-
sorption components lacking CO emission counterparts toward
the continuum background. This is true with only one excep-
tion, B1928. The implication is that CO emission is somewhat
more ubiquitous than is presently believed to be the case because
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profiles toward 3C 454.3 (shaded) and at the peak of the small clump that is seen immediately adjacent to the continuum source.
nearly all HCO+ absorption components will be found in nearby
emission after a small search. In terms of numbers, in this work
we observed 20 absorption line components (and a few distinct
line wings) with 13 carbon monoxide emission counterparts to-
ward the continuum targets, and we found 23 CO emission com-
ponents within 15′ of the background continuum source during
the mapping.
The following gives some conclusions that are drawn from
the preceding presentation; they should generally be understood
as applying on a component-by-component basis.
From the standpoint of CO emission.
1) In every case where CO emission was detected toward the
background source, much stronger emission was also de-
tected within approximately 15′ and often much less.
2) Near B0355+508, B0528+134 and B2200+430 the nearby
stronger emission was very strong indeed, with peak line
temperatures of 10−12 K and/or line profile integrals as large
as 20 K km s−1.
3) 1) and 2) are also generally true for kinematic components
that were present in absorption toward the continuum source
but not detected in emission there (7 of 20 components).
4) In one case only (B1928+738), representing 1 of 11 fields
and 1 of 20 kinematic absorption line components, the entire
field mapped was devoid of emission when emission was not
detected toward the continuum source (from a kinematic ab-
sorption line component). The field mapped around B1928
was only 20′ × 20′ as against 30′ × 30′ or more for all of the
other fields.
5) In 2 fields we found an emission feature without a counterpart
in molecular absorption toward the background continuum
object (B1954 and B0355 at −20 km s−1).
From the standpoint of absorption.
1) The same kinematic components are seen in both absorption
and emission with angular separations of up to 15′.
2) The absorption spectra toward a background source are a pre-
view of what will be seen in emission in a larger field about
the background source.
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Fig. 8. The sky field around the position of B0528+134, as in Fig. 2. The map of CO emission at lower left superposes the integrated intensity
at 0−4 km s−1 as blue contours against a background grayscale representing emission at v = 8−12 km s−1. Very strong CO lines are seen in the
foreground gas as shown in the upper right panel: positions at which they originate are indicated at lower left.
3) Molecular absorption components seen toward the
continuum source were found in CO emission some-
where in the field except in the smaller region mapped
around B1928+738.
From the standpoint of the atomic-molecular transition.
1) The same kinematic components are seen in both atomic and
molecular tracers at angular separations between 0′ and 15′.
2) The components seen in molecular absorption are present
in H I absorption, although somewhat indistinctly in some
cases. For instance, the 0-velocity molecular absorption line
in B0212+735 appears only as a blue wing of the 4 km s−1
H I absorption component.
3) Portions of H I absorption profiles adjacent to molecu-
lar features but lacking a molecular counterpart are seen
in CO emission elsewhere in the field in two cases on
(B2200+420 and B0528+134).
4) We saw no molecular features in absorption or emission out-
side the span of the H I absorption (see Appendix B).
7. Kinematics
Molecular gas is generally well-mixed with other components
of the ISM (Dame & Thaddeus 1994; Gir et al. 1994) and does
not require exceptional kinematics. This is apparent in our work
from the coincidence of molecular and atomic absorption fea-
tures, even if they do not have precisely the same patterns of
line depth. The kinematics are aﬀected by galactic structure and
local external influences such as shocks, but this only becomes
apparent on broad angular scales. The targets B0212+735 and
B0224+671 (Figs. 10, 11) are relatively close to each other and
both are most strongly absorbed in H I around −15 km s−1. The
background target B2251+158 (Fig. 7 and Sect. 3.6) is seen in
the outskirts of the MBM53-55 cloud complex, which is part of
a large shell that has been extensively mapped in molecular and
atomic gas (Gir et al. 1994; Yamamoto et al. 2003).
In individual line profiles and over small scales, the kine-
matics are often dominated by the internal structure of individ-
ual clouds. The internal motions of diﬀuse molecular gas are
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now understood to reflect turbulent gas flows (Pety & Falgarone
2003; Hily-Blant & Falgarone 2009) that are characterized by
unsteady projected velocity fields with strong shears and abrupt
reversals of the velocity gradient. Sakamoto & Sunada (2003)
show the transition between diﬀuse and dense molecular gas at
the edge of TMC1 and Liszt et al. (2009) discuss gas flows in
the diﬀuse cloud occulting ζ Oph.
In this section we discuss the kinematics of just two of the
fields mapped here. Further examples of CO kinematics in indi-
vidual sky fields are given in Figs. A.1−A.3 of Appendix A and
the galactic context for all fields is given in Figs. B.1 and B.2
of Appendix B, showing large-scale latitude-velocity cuts in HI
from the Leiden-Dwingeloo H I survey of Hartmann & Burton
(1997) with the locations of the continuum background sources
marked in each case.
Figure 13 shows the kinematics in the relatively simple sky
field around B1954+513 (Sect. 3.5 and Fig. 6) with the spatially-
displaced blue and red-shifted CO emission components that
were illustrated in Fig. 6. The red-shifted component seen to-
ward the continuum has a partially-resolved velocity gradient
that carries it just to the midpoint of the associated HCO+ ab-
sorption profile at the continuum position. It is certain that the
blue-shifted CO emission to the West would have an associated
HCO+ absorption at its position but the structure of the redward
gas cannot be traced away from the continuum and, regrettably
we do not have an H I absorption profile that might show both the
red and blue-shifted gas in atomic absorption as toward BL Lac
(Fig. 9 and Sect. 4.2).
Figure 14 shows the more complicated field at low latitude
around B0355+508 (Sect. 5.3, Fig. 12) and illustrates how the
partition of a line profile into components, no matter how seem-
ingly obvious, can also be arbitrary and capricious. None of
the well-defined absorption features has an obvious CO emis-
sion counterpart except perhaps in the immediate vicinity of
the continuum target. This is not an artifact of taking a cut in
declination, which is actually richer than that in right ascension
(see Fig. 12).
Nonetheless, mapping the CO emission does help to clarify
interpretation of the absorption profiles. For instance, consider
gas near −9 km s−1 around the location of B0355 in Fig. 14. In
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absorption there are two distinct kinematic components at −11
and −8 km s−1 that would usually be interpreted as unrelated be-
cause, aside from their separation in velocity, they have diﬀer-
ent patterns of chemical abundances (Fig. 12). However, Fig. 14
shows that the CO emission line has an appreciable velocity gra-
dient across the position of the continuum source, spanning the
two absorption lines, making it likely that the two absorption
components are part of the same body1. Moreover, the CO map-
ping suggests that the components at −17 and −10 km s−1 may
also be part of the same structure (and separated by a veloc-
ity gradient), which was actually suggested by several coinci-
dences in our earlier high-resolution CO mapping (Pety et al.
2008). The lines at −11 and −17 km s−1 are very bright (13 K)
at high resolution and have considerable chemical complexity.
There are also some seemingly correlated spatial intensity varia-
tions. The evidence for an association is entirely indirect but has
1 Pety et al. (2008) show that the overlapping CO emission line is re-
solved into two kinematic components at 6′′ resolution toward the con-
tinuum source.
a clear precedent in the kinematics around B0528+134 (Sect. 4.1
and Fig. 8) where a similar velocity separation occurs between
two emission components that are seen superposed in an unusual
wave-like spatial configuration.
8. The brightness of diffuse cloud CO
8.1. WCO relative to EB−V and fH2
The large-scale finding chart in Fig. 1 is a map of the total in-
tervening gas column density, except where discrete sources of
infrared emission (often H II regions) “leak” into the map (use-
fully indicating when the background target may have been ob-
served through disturbed foreground gas). Large-scale surveys
of CO emission at 8′ resolution show a good correlation with
reddening (Dame et al. 2001), contributing to the common inter-
pretation of CO sky maps as displaying the global distribution
of dense, fully-molecular gas.
In diﬀuse gas appreciable scatter in the WCO − EB−V re-
lationship is expected because the reddening is a sum over
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the entire CO emission map. At top right are example profiles from the positions labeled at lower left, chosen from maps of integrated intensity
over narrow intervals increasing in velocity from a)−g).
atomic and molecular components that both make important
contributions to N(H), combined with the fact that both N(H2)
and N(CO)/N(H2) exhibit order-of-magnitude or larger scatter
with respect to EB−V even when all quantities are measured
along the same microscopic sightlines toward nearby bright
stars (Burgh et al. 2007; Rachford et al. 2009). The dispar-
ity in angular resolution between the reddening data and our
1′ CO maps presents another sort of complication that is con-
sidered in Sect. 8.2 but does not by itself dominate the scatter.
Recall also the discussion in Liszt et al. (2010) where a good
correlation was shown between EB−V at 6′ resolution compared
with the integrated H I optical depth measured in absorption at
21 cm toward a larger set of the same kind of point-like radio-
continuum background target considered here.
Small-scale maps of reddening are shown in the various
Figs. 2−12 detailing the individual fields. They may visu-
ally suggest correlations between EB−V and WCO, and there
is a threshold EB−V >∼ 0.09 mag for detecting CO emis-
sion, consistent with the well-known and quite abrupt increase
of N(H2)/N(H) at comparable reddening (Savage et al. 1977).
However, reddening is not a reliable predictor of CO emission
in our sky fields. For instance, in the field around B2251+158 in
Fig. 7, CO emission is much weaker at the peak of the reddening
map where EB−V = 0.14 mag (the profile indicated as “NW” at
upper right in Fig. 7) than nearer the continuum source at smaller
EB−V = 0.10 mag. Around B2200+420 (Fig. 9) the shape of the
CO distribution appears to parallel that of the reddening but in
detail CO only traces the edge rather than the peak ridge of the
EB−V distribution.
In Fig. 15 we show the relationship between WCO and EB−V
in the four simple cases discussed in Sect. 3, where the ex-
tinction is small and a single narrow CO spectral component is
present at each pixel2. The rms noise levels in these four datasets
(Table 2) are 0.48, 0.33, 0.32 and 0.35 K km s−1 reading clock-
wise from upper left so that datapoints with WCO >∼ 1 K km s−1
2 Green diamonds in Figs. 15 and 16 show EB−V and WCO toward the
continuum target as given in Table 1.
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(the usual last contour on CO sky maps) are detected at or
above the 90% confidence level. To put these brightness and
sensitivity levels in context, note that there is a straightfor-
ward relationship between WCO, fH2 , and EB−V once the CO-H2
and EB−V /N(H) conversion factors are fixed; for the standard
WCO/N(H2) = 2 × 1020 cm−2 H2 (km s−1)−1 and N(H)/EB−V =
5.8 × 1021 cm−2 mag−1 one has WCO = 14.5 fH2 EB−V K km s−1.
At EB−V = 0.1 mag, emission only slightly exceeding 1 K km s−1
implies a molecular fraction fH2 > 1 and therefore is too bright
to be accomodated by a CO-H2 conversion factor as large as the
standard 2 × 1020 cm−2 H2 (km s−1)−1.
Shown in each panel of Fig. 15 are lines representing the
CO emission expected if various fractions fH2 of the total neutral
gas column are in H2 with a typical galactic WCO/N(H2) con-
version factor XCO = 2 × 1020 H2 cm−2 (K km s−1)−1. Much
of the CO in Fig. 15 occurs above the line corresponding to
fH2 = 1 and is therefore too bright to be accomodated by the
usual CO-H2 conversion factor; indeed, almost every CO line
with WCO >∼ 1 K km s−1 may be described as overly-bright in
this way if fH2 = 0.5, hence the great majority of all the sta-
tistically significant emission represented in Fig. 15 and in the
maps shown earlier for these sources. For the brightest pixels
N(H2)/WCO < 5 × 1019 H2 cm−2 (K km s−1)−1.
The same WCO-EB−V diagrams are shown for sources with
higher EB−V in Fig. 16. Much of the gas around B2200+420
falls above the line for fH2 = 1, and attains such high brightness
that its H2/WCO ratio is 3−4 times below the standard conversion
factor. However, this case becomes increasingly harder to make
toward the other sources having higher EB−V as in the bottom
panels of Fig. 16.
8.2. Sub-structure in reddening would not eliminate large
WCO /EB−V ratios
CO emission is heavily structured on arcminute scales, well be-
low the 6′ angular resolution of the reddening maps, and the high
values and large scatter in WCO/EB−V in Fig. 15 cannot be ac-
comodated with a fixed ratio of WCO/N(H2) or WCO/N(H) ex-
cept by positing strong unresolved variations, essentially clump-
ing, in EB−V . It is important to understand the extent to which
this might represent unresolved structure in the total column
density, for instance with regard to cleaning maps of the cos-
mic microwave background (Planck Collaboration 2011). Given
the extreme sensitivities of the CO abundance and brightness
to N(H2) in diﬀuse clouds and the fact that even fH2 may vary
in diﬀuse material, it is entirely possible that the large contrasts
seen in WCO do not have strong consequences for the distribution
of N(H), EB−V , or even N(H2).
Shown in Fig. 17 are cumulative distribution functions of
the integrated CO emission WCO in the fields around B0954+658
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and BL Lac, using the original ARO data and versions of the data
smoothed to lower angular resolution 3′ (similar to NANTEN)
and 5′ (similar to Planck). The brightness distribution of the
CO around B0954+658 is compact in Fig. 3 but still suﬃciently
extended that 4.5 K km s−1 integrated intensities are present at
5′ resolution; this is well above the line for fH2 = 1 in Fig. 15.
The distribution of strongly emitting CO around BL Lac
is suﬃciently broad in angle that 20−30% of the pixels are
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Fig. 16. As in Fig. 15 for four fields with larger reddening.
occupied by CO with WCO ≥ 5 K km s−1 whether the angu-
lar resolution is 1′ or 5′; the very strongest CO lines have
WCO >∼ 15 K km s−1 at 1−5′ resolution in the BL Lac field.
This is consistent with our recent observations of CO emission
in the field around ζ Oph (Liszt et al. 2009) where the same
peak brightnesses were found in ARO and NANTEN data at
3′ resolution.
Because high CO brightness, and, therefore, impossi-
bly high ratios WCO/EB−V (requiring fH2 > 1 for the mean
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Table 3. Components with weak CO emission toward the continuum target.
Target V τ(1−0) T ∗R dN(CO)/dV Texc(1−0) p(H2) n(H2)a
∫
τ(HCO+)dv/total
km s−1 K 1015 cm−2 (km s−1)−1 K 103 cm−3 K cm−3
B0212 –10.3 0.49 0.40 0.65 3.4–3.6 1.9–2.5 75–100 0.122
–0.05 0.95 <0.14b 1.11 <3.1–3.2 <0.9–1.1 <35–45 0.102
B0224 –10.6 0.43 <0.10 0.48 <3.0–3.1 <0.8–1.0 <30–40 0.161
B0355 –13.9 0.45 0.31 0.52 3.8–4.0 3.0–3.5 120–140 0.224
–4.0 0.86 0.37 1.10 3.6–3.8 2.1–2.5 85–100 0.204
B0528 2.8 <0.11 <0.16 0.080
B1730 5.1 1.15 0.24 1.42 3.5–3.7 1.8–2.2 70–90 1.000
B1928 −3 <0.11 <0.11 1.000
Notes. Using CO parameters originally derived by Liszt & Lucas (1998) and τ(HCO+) from Lucas & Liszt (1996); (a) at TK = 25 K ; (b) upper
limits in this column are 2σ.
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Fig. 17. Cumulative distribution functions for WCO at spatial resolutions
of 1′ (gray, thicker), 3′ (blue) and 5′ (red) for B0954 (left) and B2200.
WCO/N(H2) ratio) persist to low angular resolution, WCO cannot
maintain a constant proportionality to N(H2) over the body of
these clouds. The observed variations in WCO are too large to be
accomodated by the total amount of material that is present along
the line of sight and unresolved structure in reddening cannot ac-
count for the high values of WCO/EB−V or the range of variation
in that ratio.
8.3. Covering factors and bright and dark CO
In Sect. 2.7 we noted the statistical certainty with which
HCO+ absorption is found in spectra taken within about 15◦−18◦
of the galactic plane. A corollary to this is that molecular gas is
certain to be omnipresent over the sky fields mapped in CO at
such latitudes, no matter how much of sky we actually found to
be occupied by CO emission.
Table 2 shows pixel statistics for the CO emission maps
made in the course of this work; shown are profile channel-
channel rms noise values and map pixel-pixel rms noise in
WCO for each mappable kinematic component. In each case the
covering factor was determined by forming a histogram of the
WCO values and subtracting a gaussian fit to the component cor-
responding to the noise, and is apparent in that it extends to un-
physical negative values of WCO. This is not a large correction;
if the noise in WCO is random at a level σmap the covering factor
at/above any given WCO in the absence of signal is dA(WCO)/A =
0.5(1-erf(WCO/
√(2)σmap)). The expected covering factor due to
noise at even 2σ significance is already below 3%.
Table 2 shows that typical covering factors are 20−40%, with
a few null values and only two sky fields (B0528 and B2200)
where the majority of the map area is covered. Very approxi-
mately, the covering factors are small to about the same extent
that the WCO/N(H2) conversion factors of the detected CO emis-
sion are higher than indicated by the standard CO-H2 conver-
sion. In the end, some form of spatial averaging over brighter and
dimmer CO must be responsible for the global mean CO-H2 con-
version factor whether in fully molecular or diﬀuse molecular
gas. The idea that all gas parcels would show identically the
same WCO/N(H2) is highly unlikely.
8.4. Pressure and density in CO-emitting gas
Partial pressures of molecular hydrogen p(H2)/k = n(H2)TK were
derived by Liszt & Lucas (1998) for all of the CO-bearing clouds
discussed here, in the directions of the background targets. They
generally fall in the range 1−5 × 103 cm−3 K, typical of thermal
pressures in the diﬀuse ISM sampled by neutral atomic carbon
(Jenkins & Tripp 2011), which should share the same volume.
The CO derivation depends on recognizing that, when the gas is
warm and excitation is strongly sub-thermal, the excitation tem-
perature of the J = 1−0 transition depends only on p(H2) and
the optical depth of the transition τ(1−0). In the limit of zero op-
tical depth the excitation temperature of the J = 1−0 transition
Texc(1−0) is only proportional to p(H2), not to either the temper-
ature or density independently, making CO a useful barometer.
This first became apparent in the work of Smith et al. (1978)
and is illustrated in Fig. 11 of Liszt & Lucas (1998): it has
persisted over several generations of improved collision cross
sections. Moreover, the excitation contribution from atomic hy-
drogen should be small in CO-bearing gas where the molecular
fraction must be appreciable even if H2 does not dominate the
overall atomic-molecular balance (Liszt 2007).
For τ(1−0) <∼ 3 and p(H2)/k <∼ 2 × 104 cm−3 K the behavior
seen in Fig. 11 of Liszt & Lucas (1998) may be straightforwardly
parameterized to an accuracy of a few percent as
Texc(1−0) − Tcmb = 0.303 K
[
p (H2)
103 cm−3 K
]1.02
eτ(1−0)
0.6/2.6. (1)
A58, page 17 of 23
A&A 541, A58 (2012)
As examples of the application of this notion, we note:
– For a typical line with τ(1−0) = 1.5 and a Rayleigh-Jeans
brightness above the CMB of 1.5 K, Texc(1−0) = 5.04 K and
p(H2)/k = 5 × 103 cm−3 K or n(H2) = 200 cm−3 at TK = 25 K.
– For the strongest absorption line component toward B0355
(−17.8 km s−1), τ(1−0) = 3.1 and Texc(1−0) ≈ 6 K, so that
p(H2)/k ≈ 5 × 103 cm−3 K once more.
– The ≈4.5 K lines observed at the peak positions in several
of the simple fields discussed in Sect. 3 require p(H2)/k >∼
8.5 × 103 cm−3 K or >∼15 × 103 cm−3 K for τ(1−0) = 3 or 1,
respectively. Such a heavy over-pressure must be transient.
– The very bright 10−12 K lines seen near B0528+134 and
B2200+420 require excitation temperatures of 15 K or more
and lie somewhat beyond the range where WCO and N(CO)
can be shown to be linearly proportional. They will be dis-
cussed separately in a forthcoming publication based on ob-
servations of HCO+, HCN, and CS.
8.5. Failing to detect H2 when CO emission is weak
There are cases where the brightness of the 1−0 line is well be-
low 1 K even when the CO optical depth is appreciable, as sum-
marized in Table 3; unfortunately we do not have a CO absorp-
tion profile toward B1928+738 in whose field CO emission was
not detected, see Sect. 3.4. The regions of very low p(H2) to-
ward B0212 and B0224 somehow manage to produce apprecia-
ble amounts of CO without exciting it to detectable levels but
other lines represented in Table 3 do not arise in regions of espe-
cially low pressure.
In Sect. 2.7 we showed that, on the whole, molecular gas
is not underrepresented by CO emission in the collection of
sightlines comprising this work and earlier we showed that the
same is true of the larger sample of absorption-cloud sightlines
from which the current sample was drawn (Liszt et al. 2010).
Moreover, CO emission from all of the components represented
in Table 3 is detected (usually quite strongly) elsewhere in the
mapped fields except around B1928. However, the fraction of
molecular gas that is detectable in CO along individual sightlines
varies substantially. To quantify this we derived the H2 column
density from the integrated optical depth measured in HCO+
(Lucas & Liszt 1996), see the right-most column in Table 3.
With H2 calculated in that way, the fraction of molecular gas
that is missed by failing to detect CO emission from particular
individual components in four directions is 12% toward B0212,
16% toward B0224, 8% toward B0528+134 and 100% toward
B1928. Overall the fraction of molecular gas represented by
the weakly-emitting CO summarized in Table 3 is 8% toward
B0528, 16% toward B0224, 22% toward B0212, 43% toward
B0355 and 100% toward B1730 and B1928.
9. Discussion
Even at EB−V = 0.1−0.3 mag, the CO emission traced in this
work runs the full gamut from undetectable to having bright-
ness comparable to that seen in fully-molecular dark clouds.
CO emission may be undetectably weak (1 K) when molec-
ular gas is present in absorption (including that of CO itself) but
in other directions it may be so bright that the N(H2)/WCO ratio
is 4−5 times smaller than the typical CO-H2 conversion factor
2 × 1020 cm−2 (K km s−1)−1. Under the conditions encountered
in diﬀuse clouds, CO emission is foremost an indicator of the
CO chemistry, secondarily an indicator of the rotational excita-
tion (which reflects the partial thermal pressure of H2) and only
peripherally a measure of the underlying hydrogen column den-
sity distribution as discussed in Sect. 8. Indeed, the simulations
of CO emission from the interstellar medium by Shetty et al.
(2011) agree with observations for the dense gas. However, a de-
tailed comparison with our results on the diﬀuse material shows
that the brightness per CO molecule is correct but there are up to
4 orders of magnitude diﬀerence in N(H2)/N(CO). This is linked
to the poorly-understood polyatomic chemistry in the diﬀuse gas
(see Shetty et al. 2011, their Sect. 4.3).
The over-arching issues most relevant to diﬀuse cloud
CO emission are three-fold: 1) how it may be identified for what
it is, originating in relatively tenuous gas that is unassociated
with star formation; 2) whether it makes a substantial contribu-
tion when CO emission is used as a surrogate for N(H2) in cir-
cumstances where emission contributions from diﬀuse and dense
heavily-shielded gas may be blended; 3) how it is related to the
so-called “dark” gas discovered by and Fermi (Abdo et al. 2010)
and Planck (Planck Collaboration 2011) that is most promi-
nent at moderate extinction where the transition from atomic to
molecular gas occurs and is claimed to host 50−120% of the
previously-known CO emitting gas in the solar neighbourhood.
As for the identification of diﬀuse gas, the WCO/W13CO ratio
is the most acessible and direct probe. When diﬀuse cloud CO
is excited to detectable levels it is generally in the regime where
WCO ∝ N(CO) and W13CO ∝ N(13CO) so that the brightness ra-
tio WCO/W13CO will be much larger than the values 3−5 that are
seen when emission arises from optically thick lines from denser
gas where the rotation ladder is close to being thermalized.
Fractionation progressively lowers the N(12CO)/N(13CO) col-
umn density ratio in diﬀuse gas at larger N(CO) (Liszt & Lucas
1998; Sheﬀer et al. 2007) but not below about 15. Intensity ra-
tios WCO/W13CO of 8−10 or higher are a strong indicator that
there is a major contribution from diﬀuse material.
Regarding the contribution of diﬀuse gas we recently as-
sessed it in the case where an outside observer looked down
on the Milky Way disk in the vicinity of the Sun (Liszt et al.
2010). We compared the mean emission for the ensemble of
lines of sight from which the current background targets were
drawn with the vertically-integrated emission expected for the
galactic disk component at the Solar Circle drawn from galac-
tic plane surveys. The ensemble mean in our dataset, expressed
as an equivalent to looking vertically through the galactic layer,
was 2 〈WCO sin(|b|)〉 = 0.47 K km s−1. The galactic disk con-
tribution was inferred from galactic plane surveys that find
A(CO) = 5 K km s−1 (kpc)−1 and an equivalent disk thickness
of 150 pc, implying an integrated intensity through the disk of
5 K km s−1 (kpc)−1 × 0.15 kpc = 0.75 K km s−1.
Even if viewed as entirely distinct (because it originates
at galactic latitudes well above those typically sampled in
galactic plane surveys) the diﬀuse gas contribution to the to-
tal seen looking down on the Milky Way from outside would
be 0.47/(0.47+0.75) = 38%, a surprisingly high fraction given
the supposed absence of molecular gas and CO emission at
higher galactic latitudes. The alternative, that the diﬀuse gas is
already incorporated in galactic plane surveys, makes the ma-
jority of the gas (0.47/0.75) in the galactic plane diﬀuse. This
is an even more radical proposition, but is consistent with find-
ing that the preponderance of the molecular gas seen toward the
heavily-extincted line of sight toward B0355+508 at b = −1.6◦
is actually diﬀuse.
In fact, the extent of the diﬀuse and/or high-latitude contribu-
tion to the local CO emission remains to be determined by wide-
field CO surveys whose detection limit is substantially better
than 1 K km s−1 and perhaps no worse than even 0.25 K km s−1.
A58, page 18 of 23
H. S. Liszt and J. Pety: Imaging diﬀuse clouds: bright and dark gas mapped in CO
Assessing the contribution of diﬀuse gas at lower latitudes awaits
a wider examination of the character of the gas seen in the galac-
tic disk, but the contribution of diﬀuse molecular gas in the in-
ner galactic disk is apparent in recent HERSCHEL/PRISMAS
observations of sub-mm absorption spectra toward star-forming
regions (Gerin et al. 2010; Sonnentrucker et al. 2010).
10. Summary and conclusions
We compared maps of CO emission with reddening maps on a
typical field of view of about 30′ × 30′ at an angular resolution
of 1′ toward 11 diﬀuse lines of sight for which we already had
sub-arcsec molecular and/or atomic absorption profiles. This al-
lowed us to draw three kinds of conclusions.
10.1. Conclusions about the position-position-velocity
structure of the emission
– Although most of the CO emission structure was amorphous
or merely blob-like when mapped, the emission around
B0528+138 was found to be highly regular and quasi-
periodic while that around B2200+420 (BL Lac) was seen
to be filamentary and tangled.
– Toward B0355+508 and B0528+134, CO mapping suggests
that pairs of absorption lines separated by 6−8 km s−1 are
physically related, not merely accidental superpositions.
– CO mapping shows that partition of an absorption profile
into kinematic components, no matter how seemingly obvi-
ous, may actually be arbitrary and capricious: the decompo-
sition may have no apparent validity in emission at positions
only slightly removed from the continuum background.
10.2. Conclusions linking the absorption to the emission
kinematics
– The same clouds were seen in absorption and emission, and
in atomic and molecular phases, although not necessarily
in the same location. We failed to find CO emission corre-
sponding to just one out of 20 molecular absorption features,
in one relatively small spatial field, i.e. 20′ × 20′ vs. 30′ × 30′
or more. Conversely, while mapping away from the contin-
uum background we saw only 2 CO emission features lack-
ing molecular absorption counterparts.
– CO emission was sometimes found in the field at velocities
corresponding to features seen only in H I absorption toward
the continuum. We saw no molecular features outside the
span of the H I absorption.
10.3. Conclusions regarding the CO luminosity of diffuse gas
– We found relatively bright CO emission at modest reddening
in the fields we mapped, with peak brightnesses of 4−5 K at
EB−V <∼ 0.15 mag and up to 10−12 K at EB−V ' 0.3 mag
(i.e. AV ' 1 mag). This was true even for features that were
seen only in absorption toward the continuum source in the
field center.
– The CO emission lines represent small column densities
N(CO) ≤ 1016 cm−2, less than 10% of the amount of
free gas phase carbon expected along a line of sight with
EB−V = 0.15 mag or AV = 0.5 mag. The dominant form of
gas phase carbon is still C+.
– When CO emission was detected at levels of 1.5 K km s−1
and higher, it was generally over-luminous in the sense
of having a small ratio N(H2)/WCO, i.e. a value of the
CO-H2 conversion factor below 2 × 1020 H2 (K km s−1)−1.
WCO/N(H2) ratios as small as N(H2)/WCO <∼ 5 ×
1019 cm−2 H2 (km s−1)−1 are mandated by the observed red-
dening in cases where the line of sight was relatively free of
extraneous material.
– On average, the WCO/N(H2) ratio in diﬀuse gas is locally the
same as in dense fully molecular clouds despite the presence
of strong variations between individual diﬀuse gas parcels or
sightlines. The global WCO/N(H2) ratio in diﬀuse gas is the
result of averaging over limited regions where CO emission
is readily detectable and overly bright (in the sense of having
WCO/N(H2) much higher than the mean), and with other re-
gions having a significant molecular component (as seen in
absorption) but where CO emission is comparatively weak
or simply undetectable.
– Small WCO/N(H2) ratios and sharp variations in the
WCO/EB−V ratio are not artifacts of the disparity in resolution
between the 1′ CO emission beam and the 6′ resolution of
the reddening maps, because high CO brightnesses and small
WCO/EB−V ratios persist when the resolution of the CO maps
is degraded to that of the reddening maps.
– Sharp variations in the CO emission brightness on arcminute
scales do not necessarily represent unresolved structure in
the reddening maps or in the column density of H or H2.
Detectable CO emission generally arises in the regime where
WCO ∝ N(CO), and variations in the line brightness repre-
sent primarily the CO chemistry with its extreme sensitivity
to EB−V and N(H2). Secondarily the line brightness is influ-
enced by CO rotational excitation since some features are
not seen in emission toward continuum sources where there
is CO absorption with appreciable optical depth.
– Only marginally does the CO brightness represent the un-
derlying mass or H2 column density distribution of diﬀuse
molecular gas.
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Fig. A.1. A right ascension-velocity diagram of CO emission 20′′ North
of B2251+158. The CO absorption spectrum toward B2251 is shown
with its 0-level at the location of the continuum source; the peak ab-
sorption is 22%, see Fig. 7. Contours are shown at levels 1−3, ... K.
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Fig. A.2. A right ascension-velocity diagram of CO emission across
the field of B0212+735. The CO absorption spectrum toward B0212
is shown with its 0-level at the location of the continuum source; the
strongest absorption line is quite opaque, see Fig. 10. Contours are
shown at levels 1−3, ... K.
Appendix A: CO line kinematics
around three additional objects
Shown in Figs. A.1−A.3 are position-velocity diagrams in right
ascension across the positions of B2251+158, b0212+735 and
B0224+671. As in Figs. 13 and 14 in the main text, the
HCO+ absorption spectrum toward the continuum background
target is superposed in the figures with its baseline positioned
where the diagram most nearly crosses the location of the con-
tinuum. These diagrams are intended to show how the features
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Fig. A.3. A right ascension-velocity diagram of CO emission across the
field of B0224+671 at the declination of the continuum source. The
CO absorption spectrum toward B0224+671 is shown with its 0-level
at the location of the continuum source; the peak optical depth is 1.2,
see Fig. 11. Contours are shown at levels 1−3, ... K.
that occur in the absorption line profiles are somewhat haphazard
samples of the larger scale gas distribution traced in CO emis-
sion but toward B0212+735 the diagram also indicates how the
CO emission underrepresents the molecular gas distribution.
Appendix B: The galaxy viewed in atomic gas
around the background targets
To provide context for the kinematics seen in the present work,
Figs. B.1 and B.2 show large-galactic-scale H I latitude-velocity
diagrams for each of the sources studied here, using results of
the LDSS survey of Hartmann & Burton (1997). The spatial res-
olution of these data is 35′ and the data are on a 30′ grid. The
diagrams were constructed at the galactic longitude nearest the
background target (see Table 1). The latitudes of the sources are
marked. Even if it was not apparent from the overlap of the H I
and molecular absorption in the figures in the text, these maps
make it clear that the molecular gas studied here is part of “nor-
mal” galactic structure, mixed into the general ISM.
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Fig. B.1. Latitude-velocity diagrams of H I brightness around six background targets used for mm-wave molecular absorption studies, using
H I data from the LDSS survey (Hartmann & Burton 1997). The spatial resolution is 35′ and the diagrams were constructed at the nearest
longitude on the 0.5◦ grid of the survey datacube. The latitudes of the sources are marked. The line of sight toward B0415+379 (3C 111) is not
discussed in this work.
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Fig. B.2. Latitude-velocity diagrams of H I brightness around six background targets used for mm-wave molecular absorption studies, using
H I data from the LDSS survey (Hartmann & Burton 1997), as in Fig. B.1.
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Chapitre 5
La Tête de Cheval : une référence observa-
tionnelle pour les modèles chimiques
5.1 Les modèles photochimiques et la Tête de Cheval
Les modèles des régions de photo-dissociations (PDRs) sont utilisés pour comprendre l’évo-
lution de la matière éclairée par le rayonnement UV, à la fois dans notre galaxie et dans les
galaxies extérieures. Au vu de la complexité inhérente à la constitution de réseaux et de modèles
chimiques fiables, il y a un vrai besoin d’observations bien contraintes qui puissent servir de
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référence primaire. Une référence observationnelle idéale donnerait aux chimistes un ensemble
d’abondances (avec les incertitudes associées) en fonction de la distance (ou de l’extinction vi-
suelle) à l’étoile excitatrice. Cet objectif est difficile à atteindre pour plusieurs raisons : 1) la
géométrie de la source n’est jamais aussi simple que souhaitée, lorsqu’elle est connue ; 2) les
spectres produits par les instruments doivent être inversés à l’aide de méthodes complexes de
transfert de rayonnement pour obtenir des abondances ; 3) les spectres sont souvent mesurés à
des résolutions angulaires très différentes, impliquant de la dilution et/ou du mélange de diffé-
rentes composantes du gaz dans le lobe du télescope.
Dans ce contexte, la PDR présente dans la crinière de la Tête de Cheval est un cas particu-
lièrement intéressant parce que 1) la transition du gaz diffus, chaud et ionisé au gaz dense, froid
et noir est brusque ; 2) la géométrie de la PDR est simple (pratiquement unidimensionnelle, vue
de profil). Le profil de densité à travers la PDR est bien contraint et nous faisons des efforts pour
contraindre à son tour le profil thermique. La combinaison d’une faible distance à la Terre (à
400 pc, 1′′ correspond à 0.002 pc), d’un faible éclairement UV (χ = 60) et d’une grande densité
(nH = 105 cm−3), implique que tous les processus physiques et chimiques importants peuvent
être testés dans un champ de vue de moins de 50′′ avec des échelles spatiales allant de 1 à 10′′.
5.2 Une physique bien contrainte et une chimie riche
Dans les 10 dernières années, j’ai mis en œuvre avec M. Gerin (Obs. de Paris/LERMA) et
J. Goicoechea (Centro de Astrobiología, CSIC) un programme ambitieux et cohérent d’observa-
tions de cette PDR. Nous avons utilisé les mêmes instruments et les mêmes méthodes d’obser-
vation, de réduction et d’analyse des données. Pour chaque espèce chimique, nous avons essayé
1) d’observer au moins deux transitions à une résolution angulaire similaire (de 5 à 15′′) pour
contraindre proprement les conditions d’excitations, et 2) d’observer les isotopologues1 asso-
ciés pour inférer des densités de colonne et des abondances précises. L’obtention de cartes de
l’émission étendue s’est aussi révélée essentielle pour comprendre les distributions spatiales des
émissions des diverses espèces.
Cet effort a conduit à la publication de 8 articles dans A&A avec les résultats suivants :
1. La PDR a un gradient de densité très pentu, augmentant jusqu’à nH = 105 cm−3 en moins
de 10′′, à une pression approximativement constante de P = 4106Kcm−3 [A28].
2. Les abondances des petits hydrocarbures sont plus grandes que les prédictions émanant de
modèles de chimie en phase uniquement gazeuse. Cela suggère qu’un chemin chimique
supplémentaire pour la formation de ces petites chaînes hydrocarbonnées doit être consi-
déré dans les PDRs. Nous avons proposé que le surplus de petits hydrocarbures pourrait
provenir de la photo-érosion des PAHs [A29, A32].
3. La déplétion du soufre en phase gazeuse, nécessaire pour expliquer les abondances de CS
et de HCS+, est inférieure de plusieurs ordres de grandeur à celle invoquée dans toutes les
études précédentes, quelle que soit la source [A25].
4. Un cœur dense et froid (T ∼ 20K, n > 2 105 cm−3) existe juste derrière la PDR. Dans ce
cœur dense, le fractionnement du deutérium est efficace, ce qui donne [DCO+]/[HCO+] >
1Des isotopologues sont des molécules qui différent uniquement dans leur composition isotopique, par exemple
CS et C34S.
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FIG. 5.1 – Région de photo-dissociation (PDR) de la Tête de Cheval révélée par l’émission de
divers traceurs moléculaires à des résolutions angulaires allant de 11′′ à 32′′. Le champ de vue
couvre 200′′ × 200′′. Les cartes ont été tournées de 14◦ dans le sens inverse des aiguilles d’une
montre autour du centre de l’image pour amener la direction de l’étoile excitatrice à l’horizontal
car cela simplifie la comparaison de la stratification des divers traceurs. La barre verticale indique
le bord de la PDR. Le squelette blanc, défini sur la carte d’émission de DCO+, est reproduit sur
toutes les images pour fournir une référence spatiale. Le lobe angulaire des observations est
dessiné à l’échelle dans le coin en bas, à gauche. L’émission des raies a été intégrée entre 10.1
and 11.1 km s−1. La valeur des niveaux de contours est indiquée sur les tables de couleur, à droite
de chaque image.
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FIG. 5.2 – Même description que la Figure 5.1, mais il s’agit cette fois de zooms en grande partie
obtenus à l’aide de l’interféromètre du Plateau de Bure. Le champ de vue couvre 140′′ × 140′′ et
les résolutions angulaires sont comprises entre 1′′ et 6′′.
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0.02 [A21].
5. Alors que DCO+ est un bon traceur du cœur moléculaire dense et froid, totalement protégé
du rayonnement UV, le radical HCO apparaît comme un excellent traceur des zones denses
affectées par le rayonnement [A13]. Ce radical est détecté avec une abondance 100 fois
supérieure aux prédictions des modèles. Nous avons proposé une alternative pour rendre
compte de cette surabondance. La réaction O + CH2 → HCO + H pourrait reproduire
l’abondance mesurée à condition que la constante de vitesse de cette réaction ne s’ef-
fondre pas à basse température. HCO pourrait également être synthétisé sur les manteaux
des grains et libéré en phase gazeuse par des processus non-thermiques. La confirmation
d’une de ces deux hypothèses nécessite des données de laboratoire qui permettraient une
évaluation quantitative.
6. La photo-désorption des glaces par le rayonnement UV est nécessaire pour expliquer la
grande quantité de H2CO mesurée la PDR de la Tête de Cheval [A2].
7. Nous avons exploité les mesures des ions moléculaires pour étudier la variation de l’abon-
dance électronique depuis les zones les plus éclairées jusqu’aux zones les plus sombres [A12].
Nous avons étudié en détail l’influence des principales sources d’électron (le taux d’ioni-
sation par les rayons cosmiques et l’abondance des métaux) ainsi que l’influence de la
présence de PAH. Cette étude a renforcé notre intérêt pour la chimie du soufre, puisque
l’abondance du soufre et son état de charge sont des paramètres déterminants pour le degré
d’ionisation dans les zones translucentes (Av de quelques magnitudes).
Presque tous ces résultats étaient inattendus à l’origine du projet, ce qui illustre l’importance
d’avoir de bonnes sources astrophysiques de référence pour contraindre les modèles chimiques.
5.3 Perspectives : des relevés de raies sensibles et non-biaisés
Cet effort a été amplement reconnu. Nous avons encore de nombreuses données à exploiter
afin de compléter l’inventaire des molécules simples et de commencer l’étude de molécules plus
complexes : 1) des cartes de SO et de H2S obtenues à l’IRAM-30m pour compléter les données
publiées sur CS et HCS+ ; 2) des cartes des raies de rotation-inversion de NH3 obtenues avec
Effelsberg et le VLA pour contraindre la température du gaz ; et 3) des cartes de CN, HCN
et HNC obtenues avec l’IRAM-30m et l’interféromètre du Plateau de Bure2 pour commencer
l’étude de la chimie de l’azote. Nous allons obtenir des cartes de C+ et de CO de niveau J élevé
dans le cadre du temps ouvert 1 avec Herschel/HIFI (c’est une partie d’un programme sur 2
PDRs dont le PI est C. Joblin). En août 2011 et février 2012, nous avons surtout obtenu au 30m
le premier relevé de raies non-biaisé à 3 et 1mm avec les nouveaux spectromètres à transformée
de Fourier (cf. section 7). La figure 5.3 montre le relevé à 3mm. Avec V. Guzman, étudiante
chilienne en thèse avec nous sur la chimie en phase solide depuis mars 2010, et P. Gratier, post-
doc à l’IRAM depuis janvier 2011, nous avons réalisé grâce à ce relevé la deuxième détection de
CF+, la première détection en millimétrique de CH3NC, et la première détection d’un nouvel ion
réactif. Dans le cadre du projet ANR SCHISM, nous prévoyons de mettre les données publiées
à disposition de la communauté pour augmenter l’impact de nos travaux.
2Ces données ont fait l’objet du stage de master 2 de J. Montillaud en 2008.
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FIG. 5.3 – Les spectres en haut et en bas montrent les relevés de raie dans la bande à 3mm à
une résolution spectrale de 49 kHz pour deux positions dans la nébuleuse de la Tête de Cheval,
spectres obtenus en ∼ 60 heures à l’IRAM-30m à l’aide des récepteurs EMIR et des nouveaux
spectromètres à transformée de Fourier. Chaque spectre a environ 740 000 canaux, c.-à-d. autant
d’informations que dans une image de 860 × 860 pixels ! Le bruit médian est ∼ 8mK [T ∗A].
Les positions des relevés de raies correspondent aux deux environnements typiques à l’inté-
rieur du carré blanc sur l’image de l’intensité intégrée de C18O (grande image à gauche obtenue
avec le multi-pixel IRAM/HERA) : 1) la région de photo-dissociation (PDR) indiquée par une
croix verte sur la carte d’émission intégrée de CCH (image zoomée au centre haut obtenue avec
l’IRAM/PdBI), et 2) le cœur dense indiqué par une croix bleue sur la carte d’émission intégrée
de DCO+ (image zoomée au centre bas obtenue avec l’IRAM/PdBI). Les spectres au centre à
droite montrent comment des raies fortes ou faibles sont résolues.
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Abstract. We present maps at high spatial and spectral resolution in emission lines of CCH, c-C3H2, C4H, 12CO and C18O of
the edge of the Horsehead nebula obtained with the IRAM Plateau de Bure Interferometer (PdBI). The edge of the Horsehead
nebula is a one-dimensional Photo-Dissociation Region (PDR) viewed almost edge-on. All hydrocarbons are detected at high
signal-to-noise ratio in the PDR where intense emission is seen both in the H2 ro-vibrational lines and in the PAH mid-infrared
bands. C18O peaks farther away from the cloud edge. Our observations demonstrate that CCH, c-C3H2 and C4H are present in
UV-irradiated molecular gas, with abundances nearly as high as in dense, well-shielded molecular cores.
PDR models i) need a large density gradient at the PDR edge to correctly reproduce the oﬀset between the hydrocarbons and
H2 peaks; and ii) fail to reproduce the hydrocarbon abundances. We propose that a new formation path of carbon chains, in
addition to gas phase chemistry, should be considered in PDRs: because of intense UV-irradiation, large aromatic molecules
and small carbon grains may fragment and feed the interstellar medium with small carbon clusters and molecules in significant
amounts.
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1. Introduction
Due to the ISO mission, the knowledge of interstellar dust has
significantly progressed in the recent years. With its instru-
ments sensitive in the mid-infrared, ISO revealed the spatial
distribution and line profile of the Aromatic Infrared Bands
(AIBs at 3.3, 6.2, 7.7, 8.6 and 11.3 µm features), which have
shed light on the emission mechanism and their possible carri-
ers (Boulanger et al. 2000; Rapacioli et al. 2005). However, no
definite identification of individual species has been possible
yet because the bands are not specific for individual molecules.
The most likely carriers are large polycyclic aromatic hydro-
carbons (PAHs) with about 50 carbon atoms (Allain et al.
1996b; Le Page et al. 2003). The ubiquity of the aromatic band
emission in the interstellar medium has triggered a wealth of
theoretical and laboratory work in the past two decades, which
has led to a revision of astrophysical models. PAHs are now
suspected to play a major role in both interstellar medium
physics and chemistry. With their small size, they are the
most eﬃcient particles for the photo-electric eﬀect (Bakes &
Tielens 1994; Weingartner & Draine 2001; Habart et al. 2001).
Their presence also aﬀects the ionization balance (Flower &
Pineau des Forêts 2003; Wolfire et al. 2003), and possibly the
formation of H2 (Habart et al. 2004). The role of PAHs in the
neutralization of atomic ions in the diﬀuse interstellar medium
has been recently reconsidered by Liszt (2003), following pre-
vious work by Lepp et al. (1988). As emphasized soon after
their discovery (Omont 1986; Lepp & Dalgarno 1988), PAHs
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also play a role in gas chemistry: some laboratory experiments
and theoretical calculations suggest that PAHs may fragment
into small carbon clusters and molecules under photon impact
(C2, C3, C2H2, etc.) (Joblin 2003; Le Page et al. 2003; Allain
et al. 1996b,a; Leger et al. 1989; Scott et al. 1997). In addition,
investigation of the lifetimes of interstellar PAHs implies that
photo-dissociation may be the main limiting process for their
life in the interstellar medium (Verstraete et al. 2001).
It is therefore appropriate to wonder whether PAHs could
fragment continuously and feed the interstellar medium with
small hydrocarbons and carbon clusters. This hypothesis is
attractive for the following reasons:
i) Cyclopropenylidene (c-C3H2) is widely distributed in the
interstellar medium (Matthews & Irvine 1985; Matthews
et al. 1986; Cox et al. 1988; Lucas & Liszt 2000).
ii) Recent works have shown that the diﬀuse interstellar
medium is more chemically active than previously thought
with molecules as large as C3 (Goicoechea et al. 2004;
Oka et al. 2003; Ádámkovics et al. 2003; Roueﬀ et al.
2002; Maier et al. 2001) and c-C3H2 (Lucas & Liszt 2000)
widely distributed. The abundances of C3 and c-C3H2 are
tightly connected to those of smaller molecules, C2 and
CCH respectively, with abundance ratios of [C2]/[C3] ∼
10−40 (Oka et al. 2003) and [CCH]/[c-C3H2] ∼ 27.7 ±
8 (Lucas & Liszt 2000).
iii) Thorburn et al. (2003) have found a correlation between the
abundance of C2 and the strength of some (weak) Diﬀuse
Interstellar Bands (DIBs).
As PAHs are present in the diﬀuse interstellar medium, could
they contribute to form both the small carbon clusters (C2,
C3) and larger hydrocarbon molecules which could be the
DIB carriers?
Unfortunately, studies of the PAH emission bands in the
diﬀuse interstellar clouds where the carbon clusters have been
detected is extremely diﬃcult because of the low column den-
sities, and also because the bright background stars used for
visible spectroscopy prohibit the use of sensitive IR cameras
which would be saturated. Photo-Dissociation regions (PDRs)
are the first interstellar sources in which AIBs have been found
and for which the PAH hypothesis has been proposed (Sellgren
1984; Leger & Puget 1984). It is therefore interesting to inves-
tigate the carbon chemistry in these sources. Fossé et al. (2000)
and Teyssier et al. (2004) have discussed medium spatial res-
olution (30′′) observations of various hydrocarbons in nearby
PDRs. They show that CCH, c-C3H2 and C4H are ubiquitous in
these regions, with abundances almost as high as in dark, well
shielded clouds, despite the strong UV radiation. Fuente et al.
(2003) also report high abundances of c-C3H2 in NGC 7023
and the Orion Bar. Heavier molecules may be present in PDRs
as Teyssier et al. (2004) report a tentative detection of C6H in
the Horsehead nebula. PDRs and diﬀuse clouds therefore seem
to share the same carbon chemistry, but because of their larger
H2 column density and gas density, PDRs oﬀer more opportu-
nities to detect rare species.
Teyssier et al. (2004) and Fuente et al. (2003) propose that
the presence of carbon chains is in favor of a causal link be-
tween small hydrocarbons and PAHs, but they lack the spatial
resolution to draw firm conclusions. In the present work, we
present high spatial resolution observations of one source stud-
ied by Teyssier et al. (2004), the Horsehead nebula, obtained
with the Plateau de Bure interferometer. We describe the obser-
vations in Sect. 2. We show the interferometer maps in Sect. 3.
Section 4 presents a comparison with chemical models.
2. Observations and data reduction
2.1. The Horsehead nebula
The Horsehead nebula, also called Barnard 33, appears as a
dark patch of ∼5′ extent against the bright HII region IC 434.
Emission from the gas and dust associated with this globule has
been detected from mid-IR to millimeter wavelengths (Abergel
et al. 2002, 2003; Teyssier et al. 2004; Pound et al. 2003). From
the analysis of the ISOCAM images, Abergel et al. (2003)
conclude that the Horsehead nebula is a PDR viewed edge-
on and illuminated by the O9.5V star σOri at a projected
distance of 0.5◦ (3.5 pc for a distance of 400 pc, Anthony-
Twarog 1982). The far-UV intensity of the incident radiation
field is G0 = 60 relative to the average interstellar radiation
field in Draine units (Draine 1978). The gas density, derived
from the excitation of molecular lines and from the penetration
depth of the UV-radiation, is a few 104 cm−3 (Abergel et al.
2003). From a combined analysis of maps of both CO and
atomic carbon, Lis & Guesten (2005) obtain similar figures
for the gas density. Habart et al. (2004, 2005) have modeled
the emission of H2 (from narrow band images of the H2 ro-
vibrational line), PAHs and CO, and conclude that i) the gas
density follows a steep gradient at the cloud edge, rising to
nH = 105 cm−3 in less than 10′′ (i.e. 0.02 pc); and ii) this density
gradient model is essentially a constant pressure model (with
P = 4 × 106 K km s−1).
The edge of the Horsehead nebula is particularly well
delineated by the mid-IR emission due to PAHs, with a
bright 7.7 µm-peak (hereafter named the “IR peak”) reach-
ing 25 MJy/sr at α2000 = 05h40m53.70s, δ2000 = −02◦28′04′′.
Figure 1 shows the region observed with the IRAM PdBI cen-
tered near the “IR peak”. Two mosaics (one for hydrocarbon
lines and the other for the CO lines) have been observed. Their
set-ups are detailed in Table 1.
2.2. Observations
2.2.1. c-C3H2 and C4H
First PdBI observations dedicated to this project were carried
out with 6 antennae in the CD configuration (baseline lengths
from 24 to 229 m) during March-April 2002. The 580 MHz
instantaneous IF-bandwidth allowed us to simultaneously ob-
serve c-C3H2 and C4H at 3 mm using 3 diﬀerent 20 MHz-wide
correlator windows. One other window was centered on the
C18O (J = 2−1) frequency. The full IF bandwidth was also cov-
ered by continuum windows both at 3.4 and 1.4 mm. c-C3H2
and C4H were detected but the weather quality precluded use
of 1.4 mm data.
We observed a seven-field mosaic in a compact hexag-
onal pattern with full Nyquist sampling at 1.4 mm and
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Table 1. Observation parameters.
Phase center Number of fields
Mosaic 1 α2000 = 05h40m54.27s δ2000 = −02◦28′00′′ 7
Mosaic 2 α2000 = 05h40m53.00s δ2000 = −02◦28′00′′ 4
Molecule and Line Frequency Beam PA Noisea Obs. date
GHz arcsec ◦ K km s−1
Mosaic 1
c-C3H2 21,2−10,1 85.339 6.13 × 4.75 36 3.1×10−2 Mar. 2002 and Apr. 2002
C4H-1 N = 9−8, J = 19/2−17/2 85.634 6.11 × 4.74 36 2.6 × 10−2 Mar. 2002 and Apr. 2002
C4H-2 N = 9−8, J = 17/2−15/2 85.672 6.11 × 4.74 36 3.4 × 10−2 Mar. 2002 and Apr. 2002
CCH-1 N = 1−0, J = 3/2−1/2 F = 2−1 87.316 7.24 × 4.99 54 3.4 × 10−2 Dec. 2002 and Mar. 2003
CCH-2 N = 1−0, J = 3/2−1/2 F = 1−0 87.328 7.24 × 4.99 54 2.5 × 10−2 Dec. 2002 and Mar. 2003
CCH-3 N = 1−0, J = 1/2−1/2 F = 1−1 87.402 7.24 × 4.99 54 3.4 × 10−2 Dec. 2002 and Mar. 2003
CCH-4 N = 1−0, J = 1/2−1/2 F = 0−1 87.407 7.24 × 4.99 54 2.3 × 10−2 Dec. 2002 and Mar. 2003
C18O J = 2−1 219.560 6.54 × 4.31 65 9.8 × 10−2 Mar. 2003
Mosaic 2
12CO J = 1−0 115.271 5.95 × 5.00 65 1.2 × 10−1 Nov. 1999
12CO J = 2−1 230.538 2.97 × 2.47 66 1.7 × 10−1 Nov. 1999
a The noise values quoted here are the noises at the mosaic center (Mosaic noise is inhomogeneous due to primary beam correction; it steeply
increases at the mosaic edges). Those noise values have been computed in 1 km s−1 velocity bin.
Fig. 1. The field of view covered when mapping small hydrocarbons
at 3.4 mm with the Plateau de Bure Interferometer (PdBI) is shown as
a square over this ESO–VLT composite image (B, V and R bands) of
the Horsehead nebula. Each circle indicates the 3.4 mm primary beam
of the PdBI at one of the 7 observed positions. Those positions are
largely oversampled at the hydrocarbon wavelength (3.4 mm) to en-
sure simultaneous Nyquist-sampling at 1.4 mm used to observe C18O.
A linear combination of the 7 pointed observation is done to obtain
the final dirty image.
large oversampling at 3.4 mm. This mosaic, centered on the
IR peak, was observed for about 6h of on-source observing
time per configuration. The rms phase noises were between 15
and 40◦ at 3.4 mm, which introduced position errors <0.5′′.
Typical 3.4 mm resolution was 6′′.
2.2.2. CCH and C18O
As a follow-up, we carried out observations of CCH at PdBI
with 6 antennae in CD configuration during December 2002
and March 2003. We used a similar correlator setup: three
20 MHz-wide windows were centered so as to get the four
3.4 mm hyperfine components of CCH; one 20 MHz-wide win-
dow was centered on the C18O (J = 2−1) frequency; the re-
maining windows were used to observe continuum at 3.4
and 1.4 mm.
Exactly the same mosaic (center and field-pattern) and ap-
proximately the same on-source observing time per configu-
ration (∼6 h) as before were used. The rms phase noises were
between 10 and 40◦ except during 4 h in D configuration where
they were between 8 and 20◦ at 3.4 mm. The data of those 4 h
have been used to build the C18O map as the 1 mm phase noises
were then low enough (between 20 to 45◦). We thus ended up
with a 6′′ typical resolution both at 3.4 mm and 1.4 mm. Both
CCH and C18O were easily mapped while no continuum was
detected at a level of 2 mJy/beam in a 6′′-beam.
2.2.3. 12CO
As part of another project (A. Abergel, private communica-
tion), the 12CO (J = 1−0) and 12CO (J = 2−1) lines were
simultaneously observed during 6h on-source at PdBI in
November 1999 (only 5 antennae were then available) in
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Table 2. Calibrator fluxes in Jy.
B0420−014 B0607−157 B0528+134
3 mm 1 mm 3 mm 1 mm 3 mm 1 mm
27.11.1999 3.5 1.4
30.03.2002 4.8 2.3
16.04.2002 4.8 2.5
22.04.2002 4.8 2.4
23.12.2002 12.5 2.6
18.03.2003 12.0 7.8 2.1 0.87
26.03.2003 12.8 2.1
configuration C (baseline lengths from 24 to 82 m). The obser-
vation consisted of a 4-field mosaic, fully sampled at 1.3 mm.
The mosaic center is slightly shifted compared to the two other
observations. The weather was excellent with phase noise from
3 to 5◦ and 6 to 10◦ at 2.6 mm and 1.3 mm, respectively. Typical
resolutions were 5′′ at 2.6 mm and 2.5′′ at 1.3 mm.
2.2.4. Other data: H2, ISO-LW2 and 1.2 mm dust
continuum
The H2 v = 1−0 S(1) map shown here is a small part of
Horsehead observations obtained at the NTT using SOFI. The
resolution is ∼1′′. Extensive explanations of the data reduc-
tion and analysis are discussed elsewhere (Habart et al. 2004,
2005). The ISO-LW2 map (published by Abergel et al. 2003)
shows aromatic features at 7.7 µm with a resolution of ∼6′′.
The 1.2 mm dust continuum was obtained at the IRAM-30 m
telescope with a resolution of ∼11′′ and has already been pre-
sented by Teyssier et al. (2004).
2.3. PdBI data processing
All data reduction was done with the GILDAS1 softwares sup-
ported at IRAM. Standard calibration methods using close
calibrators were applied to all the PdBI data. The calibrator
fluxes used for the absolute flux calibration are summarized in
Table 2.
Following Gueth et al. (1996), single-dish, fully sampled
maps obtained with the IRAM-30 m telescope (Teyssier et al.
2004; Abergel et al. 2003) were used to produce the short-
spacing visibilities filtered out by each mm-interferometer
(e.g. spatial frequencies between 0 and 15 m for PdBI). Those
pseudo-visibilities were merged with the observed, interfero-
metric ones. Each mosaic field were then imaged and a dirty
mosaic was built combining those fields in the following opti-
mal way in terms of signal-to-noise ratio (Gueth 2001):
J(α, δ) =
∑
i
Bi(α, δ)
σ2i
Fi(α, δ)
/∑
i
Bi(α, δ)2
σ2i
·
In this equation, J(α, δ) is the brightness distribution in the dirty
mosaic image, Bi are the response functions of the primary
1 See http://www.iram.fr/IRAMFR/GILDAS for more informa-
tion about the GILDAS softwares.
antenna beams, Fi are the brightness distributions of the in-
dividual dirty maps, and σi are the corresponding noise values.
As may be seen in this equation, the dirty intensity distribu-
tion is corrected for primary beam attenuation. This implies
that noise is inhomogeneous. In particular, noise strongly in-
creases near the edges of the field of view. To limit this eﬀect,
both the primary beams used in the above formula and the re-
sulting dirty mosaics are truncated. The standard level of trun-
cation is set at 20% of the maximum in GILDAS. In our case,
the intensity distribution does not drop to zero at all field edges.
Hence, we used a much lower level of truncation of the beam
(i.e. 5%) to ensure a better deconvolution of the side lobes of
the sources sitting just at the field edges. We then use the stan-
dard adaptation to mosaics of the Högbom CLEAN algorithm
to deconvolve (Gueth 2001). The sharp edge of the H2 emis-
sion defines a boundary that may be used as a priori knowledge
in the deconvolution of the PdBI images: we use this bound-
ary as a numerical support (in the language of signal process-
ing) to exclude the search for CLEAN components outside the
PDR front (i.e. in the direction of the exciting star). We finally
truncated the noisy clean mosaic edges using the standard trun-
cation level. The C4H maps are particularly diﬃcult to decon-
volve due to their low signal-to-noise ratio, S/N < 10 to 15.
3. Results
3.1. Maps
The PdBI maps are shown in Figs. 2 and 3 together with
the 7 µm ISOCAM image (Abergel et al. 2003), the 1.2 mm
dust emission map (Teyssier et al. 2004) and the map of the
H2 2.1 µm line emission (Habart et al. 2004, 2005) for com-
parison. For all lines, we obtained excellent spatial resolutions,
similar to or even better than the ISOCAM pixel size of 6′′ (see
Table 1). Figure 2 shows the maps in the natural Equatorial co-
ordinate system while Fig. 3 shows the maps in a coordinate
system where the x-axis is in the direction of the exciting star
and the y-axis defines an empirical PDR edge that corresponds
to the sharp boundary of the H2 emission (i.e. the maps
have been rotated by 14◦ counter-clockwise and horizontally
shifted by 20′′). The latter presentation enables a much better
comparison of the PDR stratification.
The main structure in all hydrocarbon maps is an approxi-
matively N-S filament, following nicely the cloud edge and cor-
responding closely to the mid-IR filament on the ISO-LW2 im-
age. A weaker and more extended emission is also detected,
which has no counterpart in the ISO-LW2 image and can be at-
tributed to the bulk of the cloud. It is interesting to note that the
hydrocarbon emission presents a minimum behind the main fil-
ament, and a weaker secondary maximum within the extended
emission. The hydrocarbon emission is stronger on the edges of
the dust 1.2 mm emission and avoids the region of maximum
dust emission where the gas is likely denser. This confirms a
tendency revealed by chemical surveys of dense cores (study
of TMC-1 by Pratap et al. 1997 and L134N by Dickens et al.
2000; Fossé 2003): i.e. carbon chains (CCH, C4H,...) generally
avoid the densest and more depleted cores.
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Fig. 2. Integrated emission maps obtained with the Plateau de Bure Interferometer. Maps of i) the H2 v = 1−0 S(1) emission (Habart et al.
2004, 2005); ii) the mid-IR emission (Abergel et al. 2003, labeled ISO-LW2); and iii) the 1.2 mm dust continuum (Teyssier et al. 2004, labeled
1.2mm) are also shown for comparison. The center of all maps has been set to the mosaic 1 phase center: RA(2000) = 05h40m54.27s,
Dec(2000) = −02◦28′00′′. The map size is 110′′ × 110′′ , with ticks drawn every 10′′. Either the synthesized beam or the single dish beam is
plotted in the bottom left corner. The emission of all the lines observed at PdBI is integrated between 10.1 and 11.1 km s−1. Values of contour
level are shown on each image wedge (contours of the H2 image have been computed on an image smoothed to 5′′ resolution). The sharp edge
of the H2 emission (upper right panel) defines a boundary, which is used as a numerical support (in the language of signal processing) for
deconvolution of the other images. This deconvolution support is overplotted in red on each panel.
Even at the high spatial resolution provided by the plateau
de Bure Interferometer, the maps of all hydrocarbons remain
very similar. Detailed inspection of the maps shows small dif-
ferences between CCH and c-C3H2, but these do not aﬀect the
overall similarity. Indeed, the joint histogram describing the
correlation of line maps for i) the two most intense CCH lines;
ii) c-C3H2 and CCH; and iii) C4H and CCH are displayed in
Fig. 4. As expected the two CCH lines are extremely well cor-
related as illustrated by the elongated shape (approaching a
straight line) of the joint histogram. The correlations between
c-C3H2 and CCH, and between C4H and CCH are excellent
too, although the signal-to-noise ratio is not as good for C4H.
For this plot, we have used all points lying inside the support
used for the deconvolution.
The high resolution c-C3H2 map appears to show more
structure than the CCH maps, particularly in the well-shielded
cloud interior (on the left hand side of the main filament).
This eﬀect seems real since it does not appear for the satellite
CCH line maps, which have similar intensities and signal-to-
noise ratio as the c-C3H2 map. The C4H maps are too noisy
for a detailed analysis but are nevertheless very well correlated
with the CCH map. The correlations found at low spatial res-
olution (Teyssier et al. 2004) are not an artifact but persist at
high spatial resolution.
The correspondence of hydrocarbons with CO and C18O
is not as good. The C18O (J = 2−1) map presents two max-
ima, located on either side of the CCH peak along the N-S di-
rection: the CCH peak is associated with a local minimum of
C18O emission. Also, the C18O emission peak is displaced far-
ther inside the cloud (East) compared to CCH and the other
hydrocarbons.
To illustrate further the diﬀerences in the spatial distribu-
tion of CO, C18O and the hydrocarbons, we show two series of
cuts across the PDR in Fig. 5. The UV radiation comes from
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Fig. 3. Same as Fig. 2 except that maps have been rotated by 14◦ counter-clockwise around the image center to bring the exciting star direction
in the horizontal direction as this eases the comparison of the PDR tracer stratifications. Maps have also been horizontally shifted by 20′′ to
set the horizontal zero at the PDR edge delineated as the vertical red line. Horizontal red lines delimit the two lanes that have been vertically
averaged to produce the two series of cuts shown in Fig. 5.
σ Ori far to the right side of Fig. 3. The cuts have been taken
along the σ Ori direction (i.e. PA = −104◦). The main peak for
all hydrocarbons is located near an oﬀset of δx  12−15′′ at
less than 5′′ of the H2 peak. The ISO-LW2 peak is located half-
way between hydrocarbons and H2 peaks. Intense 12CO emis-
sion in both the J = 1−0 and J = 2−1 lines is also detected in
the same region, while the C18O (J = 2−1) emission arises far-
ther (at least 5′′) inside the cloud.
As shown in Fig. 6, the 12CO (J = 2−1) emission (con-
volved at the same angular resolution as the 12CO J = 1−0
transition) is very bright (≥50 K at 10.6 km s−1, the line peak
velocity) and more intense than 12CO (J = 1−0) in the most
external layers of the PDRs, directly facing σOri. The line in-
tensity ratio Tb(1−0)/Tb(2−1) rises from ∼0.3 to ∼0.8 from
West to East. Combined with the high brightness temperature
detected for both lines, the higher brightness temperature of
the 12CO(2−1) line is a clear sign of the presence of warm
and dense gas. We have estimated the kinetic temperature us-
ing an LVG model. We assumed that the emission is resolved
and fills the beam. We explored the kinetic temperature de-
pendence upon the density by solving for 5 diﬀerent proton
densities going from 1.6 × 104 cm−3 to 105 cm−3. Under these
hypotheses, the 12CO line intensity ratio and brightness temper-
ature constrain the kinetic temperature to increase from 60 K in
the inner PDR (15′′ = 0.03 pc from the PDR edge) to more
than 100 K in the outer layers for proton densities larger than
4 × 104 cm−3. For lower proton densities, the kinetic tempera-
ture still starts from 60 K in the inner PDR but increases much
more stiﬄy. The kinetic temperature derived from single dish
observations (Abergel et al. 2003) is lower, in the 30−40 K
range and corresponds to the bulk of the cloud, rather than to
the warm UV-illuminated edge.
3.2. Abundances
We have computed the CO and hydrocarbon column densities
at three representative positions in the maps: the “IR peak”
where the PAH and hydrocarbon emission is the largest, the
“IR edge” 10′′ West which represents the region with the most
intense UV-radiation and a “Cloud” position behind the IR fil-
ament. Table 3 lists the derived column densities and abun-
dances relative to the total number of protons for these
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Fig. 4. Joint histogram of the integrated emission of i) the second
brightest CCH line (top); ii) c-C3H2 (middle); and iii) one C4H line
(bottom) vs. the main CCH line. The value at a given position of this
joint histogram is the percentage of pixels of the input images whose
intensities lies in the respective vertical and horizontal bins. Only im-
age pixels lying inside the deconvolution support (shown in Fig. 2)
have been used in the histogram computation. Contour levels are set
to 0.125, 0.25, 0.5, 1, 2, 4 and 8% of points per pixel.
3 positions. We have used a LVG model with diﬀerent uniform
total hydrogen density2 (from 104 cm−3 to 105 cm−3) and a ki-
netic temperature of 40 K for the “cloud” position, and between
60 and 100 K for the IR positions. The variance of the column
densities therefore reflects both the systematic eﬀect due to the
imperfect knowledge of the physical conditions, and the ran-
dom noise of the data. In most cases, the former contribution
2
“Total hydrogen density” is an abbreviation of the total density of
hydrogen in all forms.
is the largest. The H2 column densities are derived from the
dust 1.2 mm emission assuming the same dust properties for
all positions but a dust temperature range of 20 to 40 K for the
“Cloud” position and 40 to 80 K for the IR positions.
The LVG solution implies a typical 12CO column density
of 2 × 1017 cm−2. This is inconsistent with the derived column
density of C18O and the local ISM 16O/18O element ratio (560,
Wilson & Rood 1994). Figure 7 shows clear indications of self-
absorption of the 12CO spectra (asymmetries and dips in the
top of the line profiles) while the C18O spectra are Gaussian.
The same behaviour is seen in the single dish data discussed
by Abergel et al. (2003) (cf. their Fig. 5). This explains why
the LVG solution does not succeed in correctly inferring the
12CO column density. Conversely, the C18O abundance relative
to H is fairly constant for all positions at [C18O] = 1.0 × 10−7.
Assuming a local ISM 16O/18O element ratio, this corresponds
to a CO abundance relative to the total number of hydro-
gen atoms of [CO] = 5.6 × 10−5, in rather good agreement
with the gas phase abundance of carbon derived from CO in
warm molecular clouds, and to the carbon abundance in dif-
fuse clouds (Lacy et al. 1994; Sofia & Meyer 2001). In addi-
tion, using IRAM-30 m spectra of 13CO and C18O published
by Abergel et al. (2003), we found [13CO]/[C18O] ∼ 7. This
good agreement with the local ISM isotopic ratio make us con-
fident that we can use our LVG analysis on the PdBI C18O spec-
tra to estimate the CO density. According to Lis & Guesten
(2005), atomic carbon is less abundant than CO in the PDR.
The peak column density of neutral carbon, observed with a
15′′ beam, is ∼1.6×1017 cm−2 corresponding to a carbon abun-
dance of [C] = 5 × 10−6. Even if we take into account the dif-
ference in linear resolution, we do not expect an increase of the
column density larger than a factor of two based on the com-
parison of the low resolution single dish data with the interfer-
ometer maps of other tracers. Finally, although the H2 column
densities are fairly similar at the “IR peak” and “cloud” posi-
tions, the abundances of hydrocarbons are larger by a factor of
at least 5.0 at the “IR peak”. The abundances seem to be even
larger at the “IR edge” than at the cloud position.
4. Discussion
4.1. Comparison with models
We have used a monodimensional PDR code (Le Petit et al.
2002, http://aristote.obspm.fr/MIS/) to model the
observations of the Horsehead nebula. The slab geometry is
locally appropriate as seen in Fig. 3. We did not take into ac-
count projection eﬀects as the source is viewed almost edge-
on. Indeed, Habart et al. (2005) show that the main eﬀect of
the PDR possible small inclination (<6◦) is to enlarge the peak
profiles and to shift them all compared to the model edge. The
model includes a detailed treatment of the photo-dissociation
of H2 and the CO isotopes as well as the statistical equilib-
rium of their rovibrational (rotational, respectively) states in a
steady state approach. The parameters of the model include the
element abundances, the cosmic ray ionization rate, the scal-
ing factor of the interstellar ultraviolet radiation field (ISRF)
measured in Draine units, the density profile and the grain
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Fig. 5. Emission profiles along the exciting star direction (PA = −104◦ in the equatorial coordinate system). To improve the signal-to-noise
ratio, those emission profiles have been integrated along the perpendicular direction between −15′′ < δy < 0′′ (left column) and 0′′ < δy < +15′′
(right column). The comparison of those two series of mean cuts gives an idea of the influence of the local conditions (either excitation eﬀects
or chemical diﬀerentiation). We show from top to bottom, H2 v = 1−0 S(1) (full resolution in black, smoothed at a 5′′-resolution in red),
12CO J = 2−1, 12CO J = 1−0, C18O J = 2−1, CCH lines (1 black, 2 green, 3 red and 4 blue, respectively following the ratios 1:0.5:0.5:0.25),
c-C3H2, C4H lines (1 black, 2 red), ISO-LW2 and the 1.2 mm dust continuum. For the PdBI data, the 3-σ noise level is indicated by the dashed
lines. It rises at the cut edges due to the primary beam correction. Note that the fields of view of the 12CO and C18O data are smaller than the
field of view of the hydrocarbon data because of the smaller mosaic size and/or the higher frequency. The blue vertical lines are guidelines
to localize the hydrocarbon peaks. They have been drawn at δx = +12′′ (left column) and δx = +15′′ (right column). Note that the bumps at
δx = −20′′ in the ISO-LW2 cut (left column) and at δx = 70′′ in the H2 cut (right column) are due to field stars.
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Fig. 6. Spatial variation along the direction of the exciting star of a) the
12CO J = 2−1 brightness temperature (convolved at the same angu-
lar resolution as the J = 1−0 transition); b) 1−0/2−1 ratio and c), d),
e) the kinetic temperature. (δx, δy) oﬀsets refer to the coordinate sys-
tem defined in Fig. 3. The cuts at δy = +10′′ are drawn in blue, those
at δy = +5′′ in green and those δy = +0′′ in red. The data cuts
have been taken from the 10.6 km s−1 velocity channel correspond-
ing to the 12CO line peak. The kinetic temperature is derived from an
LVG model assuming i) unity beam filling factor; and ii) uniform total
hydrogen density of nH = 1.6 × 104 cm−3 (dashed lines), 2 × 104 cm−3
(full lines), 4 × 104 cm−3 (dotted lines) and 105 cm−3 (dotted-dashed
lines). Arrows indicate lower limits.
parameters. As the observations involve complex carbon
molecules, we have used the so-called “new standard model”
chemical rate file of Herbst and collaborators (Lee et al. 1998),
available on the web site3. In a previous paper (Teyssier et al.
2004), we have found that the other extensive chemical rate file
provided by the UMIST group (Le Teuﬀ et al. 2000) gave close
3 http://www.physics.ohio-state.edu/˜eric/research_
files/cddata.july03
Table 3. Molecular column densities and abundances at 3 diﬀerent
positions of the PDR named “Cloud”, “IR peak” and “IR edge”.
Equatorial oﬀsets refer to the Mosaic 2 map center given in Table 1.
(δx, δy) oﬀsets refer to the coordinate system defined in Fig. 3. H2 col-
umn densities have been derived from the 1.2 mm dust continuum
emission using a dust temperature range of 20 to 40 K for the “Cloud”
position and 40 to 80 K for the IR positions. Others column densi-
ties used LVG models with a representative set of densities and ki-
netic temperature. 1-σ uncertainties thus reflect the systematics due
to the approximate knowledge of density and kinetic temperature.
Abundances are computed with respect to the number of protons, i.e.
[X] = 0.5 N(X)/N(H2).
δRA δDec δx δy
Cloud +6′′ −4′′ +24.9′′ −5.3′′
IR peak −6′′ −4′′ +12.2′′ −2.4′′
IR edge −12′′ −4′′ +7.4′′ −1.0′′
Quantity Unit Cloud IR peak IR edge
S 1.2 mm mJy/Beam 38± 2 35± 2 12± 2
N(H2) 1021 cm−2 27± 9.5 10.5± 4 3.6± 1.7
N(C18O) 1015 cm−2 5.8± 0.5 4± 0.5 1± 0.3
N(CCH) 1013 cm−2 5.5± 1 30± 5 11± 3
N(c-C3H2) 1012 cm−2 2.3± 0.7 24± 10 9.5± 5
N(C4H) 1012 cm−2 20± 10 40± 10 37± 10
Quantity Unit Cloud IR peak IR edge
[C18O] 10−7 1.07 1.9 1.4
[CCH] 10−8 0.10 1.4 1.5
[c-C3H2] 10−10 0.43 11.4 13.2
[C4H] 10−9 0.37 1.9 5.2
results for the carbon chain molecules. As C18O observations
are reported, we have added to this reaction set the main iso-
topic molecules involving 18O and introduced the correspond-
ing fractionation reactions (Graedel et al. 1982). We have also
introduced the photo-dissociation rates given by van Dishoeck
(1988), when available, which have been calculated specifically
with the Draine ISRF and which were diﬀerent from the values
reported in the chemical rate file. The resulting chemical net-
work involves about 450 chemical species and 5000 reactions.
Only the most stable isomeric forms of hydrocarbons are con-
sidered here.
We define a reference model (hereafter named model A)
of the Horsehead nebula as a uniform sheet of gas and dust
of total hydrogen density nH = 105 cm−3 exposed to a ISRF
of 100 measured in Draine units. The cosmic ray ionization
rate has a value of 5 × 10−17 s−1 and the elemental abundances
are as follows: C/H = 1.38 × 10−4, O/H = 3.02 × 10−4,
18O/H = 6 × 10−7, N/H = 7.95 × 10−5, S/H = 5.8 × 10−8,
Cl/H = 1.86 × 10−9, P/H = 9.3 × 10−10, Fe/H = 1.7 × 10−9,
Mg/H = 10−8, Na/H = 2.3×10−9. The properties of the grains
are the same as described in Le Petit et al. (2002), i.e. the size
distribution law is taken from Mathis et al. (1977) with an expo-
nent of −3.5 and we describe the attenuation of grains from the
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Fig. 7. CO spectra (convolved at the same angular resolution) along the direction of the exciting star at δy = −2.5′′. In the cuts, the label
δx = 13′′ indicates the IR peak position (cf. Table 3). Note that 12CO J = 2−1 peak intensity decreases at positions δx = 13′′ and 15′′ while
12CO J = 1−0 increases even reaching its maximum at δx = 15′′ . In addition, both 12CO lines show a small but clear dip (i.e. the center channel
intensity is lower than its first neighbours) at δx = 15′′. Finally, while C18O spectra are very close to Gaussian, 12CO spectra show asymmetric
profiles. Spectra cuts at other close δy values show the same trends.
far-UV to the visible via the galactic extinction curve given as
an analytic function of 1/λ by including the coeﬃcients derived
by Fitzpatrick & Massa (1988). Charge exchange reactions be-
tween C+ and PAHs are not taken into account. The gas to dust
mass ratio is 100.
Figure 8 shows i) the abundance of the H2 rovibrationally
excited in the v = 1, J = 3 level at the origin of the 2.12 µm line
(this abundance is hereafter referred to as [H2 ]); and ii) the C,
CO and hydrocarbon abundances for this reference model and
5 variants. We ensure that the [H2 ] peak position is set at
δx = 10′′ as in the observations. Our reference model cor-
rectly reproduces the observed 3 to 5′′ oﬀset between the hy-
drocarbon and H2 peaks. The C18O also peaks behind the
hydrocarbons at δx = 20−25′′. However, the H2 profile is not
correctly modeled here.
In model B, we replaced the Galactic extinction curve
by one more representative of molecular gas. We have cho-
sen HD 147889 in Ophiuchus. Its extinction curve has a
rather strong far-UV rise (EB−V = 1.09, Fitzpatrick & Massa
1988). Its ratio between the total and selective extinctions, RV ,
is 4.2 a figure typical of molecular gas (Gordon et al. 2003;
Cardelli et al. 1989). The PDR stratification does not qualita-
tively change compared to model A: It is just compressed. In
model C, we added reactions of charge exchange between C+
and PAHs. This enhances the neutral atomic carbon abundance
but does not have a large eﬀect on the hydrocarbons: only
CCH peaks closer to the H2 peak compared to model A. Neither
model B nor C improves the modeling of the H2 profile.
As shown by model D, E and F, the density structure has
a major impact on the PDR structure. Figure 9 shows the
density profiles associated with each model. When keeping
the total hydrogen density uniform but decreasing its value to
2 × 104 cm−3 (as in model D), the carbon and hydrocarbon
abundance peaks are highly broadened and shifted inward by
more than 20′′, a prediction clearly violated by the high resolu-
tion PdBI data. Models E and F use a density profile provided
by Habart et al. (2004, 2005) to fit the 2.12 µm-H2 emission.
Indeed, the [H2 ] profile qualitatively changes (it is now a peak
rising from zero at the PDR edge) but it also reproduces the H2
filament width. Those two models, which impose a steep total
hydrogen density gradient at the PDR edge, are the only ones
that succeed in correctly reproducing the oﬀset between the hy-
drocarbon and H2 peaks as well as the form of the H2 peak. The
only diﬀerence between models E and F is the gaseous sulfur
abundance: sulfur is depleted from the gas phase in model E
(S/H = 5.8× 10−8) while the gaseous sulfur abundance is solar
in model F (S/H = 10−5).
Figure 10 is a zoom in our two best models (i.e. E and F)
of the spatial variations of the abundances of hydrocarbons rel-
ative to i) total hydrogen density (top panel); and ii) CCH (bot-
tom panel). The observed abundances are overplotted with their
error bars. The dashed vertical line separates the zone where
the proton gas density is constant from the zone where the pro-
ton gas density rapidly decreases outward. This latter zone is
associated with the PDR. The sulfur element abundance has
diﬀerent eﬀects in the two regions. In the region of moderate
visual extinction (i.e. the “IR edge” and the “IR peak” where
AV <∼ 1), the charge transfer reaction between C+ and S lead-
ing to S+ and C reinforces the abundance of neutral carbon
and thus enables the formation of carbon chains via the rapid
neutral-carbon atom reactions. However this eﬀect is small.
Indeed this is in the dark region where the sulfur elemental
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Fig. 8. Predictions of the spatial variation of the abundance relative to H2, using a unidimensional PDR code. For each model, the abundance
of the population of the the upper level of the 2.12 µm H2 line (i.e. v = 1, J = 3), written [H2 ], is shown on a linear scale (top). The C,
CO and hydrocarbon abundances are shown on a logarithmic scale (bottom). The modeled cloud is illuminated from the right-hand side. The
δx-axis origin has been set so that [H2 ] peaks at the position of the observed H2 peak (i.e. δx = 10′′). The vertical dotted blue line indicates
the peak of the c-C3H2 and C4H abundances. Each model is described in 4 lines: i) the density structure; ii) the UV-field properties; iii) the
chemical network used; and iv) the gaseous sulfur abundance. 6 diﬀerent models are compared here. Our reference model is labeled A. The total
hydrogen density is kept uniform at a value of nH = 105 cm−3. The far-UV intensity of the radiation field is G0 = 100 (in Draine units) and the
extinction curve is the mean Galactic one. The chemical network rate file is the New Standard Model one with minor modifications described
in the text. Charge exchange reactions between C+ and PAHs are not taken into account. The gaseous sulfur abundance is low compared to
solar (i.e. S/H = 5.8 × 10−8). The parameters varied in other models are emphasized in red. Model B uses a diﬀerent extinction curve. Model
C adds reactions of charge exchange between C+ and PAHs. Model D decreases the uniform total hydrogen density. Models E and F use the
density profile derived from the model of the H2 observations (Habart et al. 2004, 2005). Model F uses a solar gaseous sulfur abundance (i.e.
S/H = 10−5).
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Fig. 9. Spatial variation of the total hydrogen density in models A to
F. In model E and F, the density increases as a power law of scaling
exponent 4 in the first 10′′ and then is kept constant at a value of
2 × 105 cm−3. As in Fig. 8, the x-axis origin has been set so that [H2 ]
peaks at the position of the observed 2.12 µm, H2 line peak (i.e. δx =
10′′).
abundance has a large eﬀect. When the sulfur abundance is
solar, the small carbon chains C2, CCH, C2H2, C3H, C3H2
and C4H react with S+ to give C2S+, CCS+, HC2S+, C3S+,
HC3S+ and C4S+. In this main destruction path of the small
carbon chains, one hydrogen atom is released impairing the ref-
ormation of the carbon chains. When S is higly depleted as in
Model E, this destruction mechanism is superseded by other
pathways involving C+. Those pathways form carbon chain
ions which in turn contribute to the formation of other carbon
chains. Overall, model E (i.e. low S/H) performs better in the
comparison with observed abundances. The only exception is
the n(c-C3H2)/n(CCH) ratio at the “cloud” position. We will
thus use model E only for comparison with the observations.
At the IR peak (median point at δx = 15.5′′), the CCH
abundance is correctly reproduced while c-C3H2 and C4H
abundances are underestimated by at least a factor of 3.
Discrepancies are much higher both at the “cloud” (point to
the right at δx = 27′′) and the “IR edge” (point to the left at
δx = 9′′) positions. In the UV-illuminated edge, the modeled
[CCH] has a quite shallow increase with δx while the modeled
[c-C3H2] and [C4H] share the same steep abundance profile. In
contrast, the observed (“IR edge”) abundances are very similar
for the 3 species, reflecting the very good spatial correlation be-
tween the diﬀerent hydrocarbons (see Fig. 4). This discrepancy
is independent of our knowledge of the total hydrogen density
as it is also seen when comparing abundances relative to CCH.
In summary, none of our models is able to correctly repro-
duce the relative stratification of H2 and small hydrocarbons.
Comparison of model A and C shows that to reproduce the
observed oﬀset between hydrocarbon and H2 peaks, we need
a high total hydrogen density (105 cm−3). By varying the pro-
file density (model E and F), a shallow total hydrogen den-
sity increase at the PDR edge is needed to reproduce the pro-
file of the 2.12 µm H2 line. However, the shallower the total
Fig. 10. Comparison between our two best models (curves) and ob-
served (points with error bars) abundances of the small hydrocarbons.
CCH is shown as a green solid line, c-C3H2 as a dashed red line and
C4H as a blue dotted line. The top and bottom panels respectively
show abundances relative to the total hydrogen density and CCH. The
dashed vertical line shows the position where the total hydrogen den-
sity profile changes from a steep gradient to a constant.
hydrogen density increase, the larger the modeled oﬀset be-
tween H2 and the hydrocarbons. A good compromise is pro-
vided by a total hydrogen density profile increasing as a power
law with a scaling exponent 4 on the first 10′′ and then con-
stant at a value of 2 × 105 cm−3. Habart et al. (2005) show
that this model essentially corresponds to a constant pressure
model (with P = 4 × 106 K km s−1). Model E with low sul-
fur elemental abundance performs better than model F with so-
lar abundance. Nonetheless, even model E does not succeed in
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reproducing the good hydrocarbon correlation seen in the illu-
minated part of the PDR: while CCH is correctly predicted to
have a smooth abundance increase, modeled c-C3H2 and C4H
abundances show a much too steep increase.
4.2. Can the fragmentation of PAHs contribute
to the synthesis of small hydrocarbons?
Examining the model predictions in more detail, three hy-
potheses can be proposed to explain the discrepancies between
model calculations and observations:
i) The photo-dissociation rates used in the models may
be incorrect. As the main destruction process near the
cloud edge is photo-dissociation, the actual values of the
photo-dissociation rates are critical for an accurate pre-
diction. However, similar results are obtained with the
UMIST95 and NSM rate files. The photo-dissociation rates
for c-C3H2, C3H and C4H are 10−9 s−1 for both rate
files, and diﬀer by a factor of two for CCH (i.e. 0.51 ×
10−9 s−1 for UMIST95 and 10−9 s−1 for NSM). The photo-
dissociation rates of larger chains are similar. In most
cases, except for CCH and acetylene, the numbers given
in the rate files are not well documented. For instance,
van Dishoeck (1988) discusses the photo-dissociation rate
of c-C3H2 and concludes that it is accurate within an or-
der of magnitude. More accurate photo-dissociation rates
are clearly needed for the carbon chains and cycles. Recent
calculations have been performed for C4H showing that
the photo-dissociation threshold is 5.74 eV, but that ef-
ficient photo-dissociation requires more energetic pho-
tons, typically above 6.5 eV (Graf et al. 2001). However,
it is unlikely that the rates are low enough to explain
the large discrepancies between the models and the data
since these molecules are known to be sensitive to UV-
radiation (Jackson et al. 1991; Song et al. 1994).
ii) Another possibility is that the chemical networks are miss-
ing important reactions for the synthesis of hydrocar-
bons. Neutral-neutral reactions are progressively included
in the rate files, but still are much less numerous than
ion-molecule reactions. It is now known that atomic car-
bon, diatomic carbon and CCH may react with hydrocar-
bons (Kaiser et al. 2003; Stahl et al. 2002; Mebel & Kaiser
2002). More work remains to be done. However, prelim-
inary tests using a more extended data base of chemical
reactions have not led to significant improvement.
iii) The excellent spatial correlation between the mid-IR emis-
sion due to PAHs and the distribution of carbon chains
suggests a last hypothesis: the fragmentation of PAHs due
to the intense far UV-radiation could seed the interstel-
lar medium with a variety of carbon clusters, chains and
rings (Scott et al. 1997; Verstraete et al. 2001; Le Page et al.
2003; Joblin 2003, and references therein). These species
would then further react with gas phase species (C, C+, H,
H2, etc.) and participate in the synthesis of the observed
hydrocarbons. Fuente et al. (2003) also favor this explana-
tion to explain the abundance of c-C3H2 they observed in
other PDRs.
A correct exploration of this third hypothesis needs a good
qualitative and quantitative description of both the fragmenta-
tion and reformation of PAHs, which is out of the scope of this
paper. We here give only a few indications. Omont (1986) pi-
oneered attempts to understand the role of PAHs in interstellar
chemistry. Elaborating on this work, Lepp & Dalgarno (1988)
suggested that the participation of PAHs in the ion chemistry of
dense clouds leads to large increases in the abundances of small
hydrocarbons. Indeed, when the PAH fractional abundance ex-
ceeds ∼10−7, the formation of PAH− triggers mutual neutral-
ization of the positive atomic and molecular ions and intro-
duces new pathways for the formation of complex molecules.
The equilibrium abundances of neutral atomic carbon C, CCH
and c-C3H2 may thus be enhanced by two orders of magnitude.
By comparison, our model C which includes charge exchange
between C+ and PAHs, shows a decrease of C4H and c-C3H2
abundances by at least an order of magnitude in the dark region.
Introduction of mutual neutralization between C+ and PAH−
could be an interesting alternative to our “artificial” lowering
of the sulfur abundance. We are currently acquiring CS data at
PdBI to constrain the S chemistry independently.
Lepp et al. (1988) suggested that the ion chemistry
of diﬀuse clouds has little impact on the CH, OH and
HD abundance, but can lead to a large increase in the abun-
dance of other species (H2, NH3 and most noticeably CH4
and C2H2) by successive reactions of PAH and PAH− with
carbon and hydrogen atoms. Talbi et al. (1993) suggested
that Coulombic explosion of doubly ionized PAH could cre-
ate c-C3H2 through the electronic dissociative recombination
of C3H+3 . Laboratory experiments by Jochims et al. (1994) sug-
gested that PAHs with less than 30−40 carbon atoms will be
UV-photodissociated in H regions while larger ones will be
stable. Based on those results, models by Allain et al. (1996b,a)
indicate that only PAHs with more than 50 carbon atoms sur-
vive the high UV radiation field of the diﬀuse interstellar
medium, whereas smaller PAHs such as coronene or ovalene
are destroyed by the loss of acetylenic groups. Destruction
timescales are a few years for neutral species and typically five
time shorter for the corresponding cations. All those reactions
start from neutral or cation PAHs. They will be in competi-
tion with charge exchange and mutual neutralization discussed
above. Mutual neutralization has a maximal eﬀect in the transi-
tion region where the gas is molecular but the electronic abun-
dance is significant. This region corresponds more or less to the
region of maximum emission from the PAHs or slightly deeper
in the molecular cloud. All other cited reactions are more eﬃ-
cient toward the illuminated edge where PAHs are mainly neu-
tral. Recently, Le Page et al. (2003) discussed the possibility of
addition reactions with ionized carbon, starting from the high
reaction rate between C+ and anthracene measured by Canosa
et al. (1995). If similar reaction rates persist for heavier PAHs,
addition reactions with carbon would be very eﬃcient in coun-
teracting the destruction by far-UV photons.
From the observational point of view, the mid-IR emission
due to PAHs is extended in interstellar clouds. On the other
hand, a detailed analysis of the mid and far-IR images ob-
tained by IRAS led Boulanger et al. (1990) and Bernard et al.
(1993) to conclude that PAHs disappear in the dense cold cloud
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interiors, probably because they coagulate and/or condense.
Stepnik et al. (2003) describe a convincing case for such a pro-
cess in a small filament of the Taurus cloud. Rapacioli et al.
(2005) have found clear evidence for spatial variations of the
aromatic infrared band profiles, likely due to the spatial varia-
tion of the nature of their carriers. A sophisticated analysis of
ISOCAM-CVF data allowed them to separate the mid-IR spec-
tra of the ionized and neutral PAHs from the spectra of car-
bonaceous very small grains (possibly PAH aggregates). The
very small grains are located at a larger distance from the illu-
minating stars than the PAHs, lending support to the idea that
PAHs are produced from the photo-evaporation of these very
small grains. While more examples are needed to understand
the origin and fate of interstellar PAHs, it appears nonetheless
that these macro molecules are released in the gas phase in the
UV-illuminated regions of the interstellar medium, i.e. in the
diﬀuse clouds, in PDRs, etc. In those regions, the destruction
of the carbon skeleton is the main process limiting the small-
est possible PAH size. It is likely that some carbon-bearing
molecules are released in the gas phase in the UV-illuminated
regions, either as a secondary product of the evaporation of the
dust particles giving rise to PAHs, or as products of the destruc-
tion of the PAH carbon skeleton.
5. Summary and conclusions
We have presented maps of the edge of the Horsehead nebula in
rotational lines of excited H2, CO, C18O and simple hydrocar-
bon molecules, CCH, c-C3H2 and C4H with 6′′ resolution. All
the hydrocarbon maps are strikingly similar to each other, and
to the mid-IR emission mapped by ISOCAM (Abergel et al.
2003) while we measured a 3 to 5′′ oﬀset between the hydro-
carbon and H2 peaks. State-of-the-art chemical models fail to
reproduce both the PDR hydrocarbon stratification and the ab-
solute abundances of 2 of 3 observed hydrocarbons. We have
examined three hypotheses to improve the models, and we con-
clude that the most likely explanation is that we are witnessing
the fragmentation of PAHs in the intense far-UV radiation due
to σOri.
A detailed modeling of the chemistry including this new
mechanism is beyond the scope of this paper. Indeed, such a
modeling requires rates for both the growth (by addition of
molecules or of carbon and hydrogen atoms) and the fragmen-
tation of PAHs. This last item requires an accurate descrip-
tion of the fragmentation cascade of PAHs, in all their possible
equilibrium states (ionized, neutral, partially or totally dehy-
drogenated, . . . ). Laboratory experiments such as the ion cy-
clotronic resonance cell PIRENEA (Joblin 2003) are key in-
struments to provide such information. In addition, the rate files
used by the model need to be updated, especially the photo-
dissociation rates of the simple carbon chains. A critical review
of the role of neutral-neutral reactions in interstellar chemistry
is also warranted.
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ABSTRACT
Aims. We present 3.65′′ × 3.34′′ angular-resolution IRAM Plateau de Bure Interferometer (PdBI) observations of the CS J = 2–1 line
toward the Horsehead Photodissociation Region (PDR), complemented with IRAM-30m single-dish observations of several rotational
lines of CS, C34S and HCS+. We analyse the CS and HCS+ photochemistry, excitation and radiative transfer to obtain their abundances
and the physical conditions prevailing in the cloud edge. Since the CS abundance scales to that of sulfur, we determine the gas phase
sulfur abundance in the PDR, an interesting intermediate medium between translucent clouds (where sulfur remains in the gas phase)
and dark clouds (where large depletions have been invoked).
Methods. A nonlocal non-LTE radiative transfer code including dust and cosmic background illumination adapted to the Horsehead
geometry has been developed to carefuly analyse the CS, C34S, HCS+ and C18O rotational line emission. We use this model to
consistently link the line observations with photochemical models to determine the CS/HCS+/S/S+ structure of the PDR.
Results. Densities of n(H2)  (0.5−1.0) × 105 cm−3 are required to reproduce the CS and C34S J = 2–1 and 3–2 line emission.
CS J = 5–4 lines show narrower line widths than the CS low-J lines and require higher density gas components not resolved by the
∼10′′ IRAM-30m beam. These values are larger than previous estimates based in CO observations. We found χ(CS) = (7 ± 3) ×
10−9 and χ(HCS+) = (4 ± 2) × 10−11 as the averaged abundances in the PDR. According to photochemical models, the gas phase
sulfur abundance required to reproduce these values is S/H = (3.5 ± 1.5) × 10−6, only a factor <∼4 less abundant than the solar sulfur
elemental abundance. Since only lower limits to the gas temperature are constrained, even lower sulfur depletion values are possible
if the gas is significantly warmer.
Conclusions. The combination of CS, C34S and HCS+ observations together with the inclusion of the most recent CS collisional and
chemical rates in our models implies that sulfur depletion invoked to account for CS and HCS+ abundances is much smaller than in
previous studies.
Key words. astrochemistry – ISM: clouds – ISM: molecules – ISM: individual objects: Horsehead nebula – radio lines: ISM –
radiative transfer
1. Introduction
Sulfur is an abundant element (the solar photosphere abundance
is S/H = 1.38 × 10−5; Asplund et al. 2005), which remains un-
depleted in diﬀuse interstellar gas (e.g. Howk et al. 2006) and
HII regions (e.g. Martín-Hernández et al. 2002; García-Rojas
et al. 2006, and references therein) but it is historically assumed
to deplete on grains in higher density molecular clouds by fac-
tors as large as ∼103 (Tieftrunk et al. 1994). This conclusion
is simply reached by adding up the observed gas phase abun-
dances of S-bearing molecules in well known dark clouds such
as TMC1 (e.g. Irvine et al. 1985; Ohishi & Kaifu 1998). As
 Based on observations obtained with the IRAM Plateau de Bure
interferometer and 30 m telescope. IRAM is supported by INSU/CNRS
(France), MPG (Germany), and IGN (Spain).
 Appendix A is only available in electronic form at
http://www.edpsciences.org
sulfur is easily ionized (ionization potential ∼10.36 eV), sul-
fur ions are probably the dominant gas-phase sulfur species in
translucent gas. Ruﬄe et al. (1999) proposed that if dust grains
are typically negatively charged, S+ may freeze-out onto dust
grains during cloud collapse more eﬃciently than neutral species
such as oxygen. However, the nature of sulphur on dust grains
(either in mantles or cores) is not obvious. Van der Tak et al.
(2003) observed large abundances of gas phase OCS, ∼10−8, in
star forming regions, and suggested that together with the de-
tection of solid OCS (with an abundance of ∼10−7; Palumbo
et al. 1997), it implies that OCS is a major sulfur carrier in dust
grains. However, the ∼4.9 µm ice feature attributed to OCS is
best reproduced when OCS is mixed with methanol. In fact, the
band is blended with a methanol overtone whose contribution
has not been studied in detail (Dartois 2005). In any case, the ab-
sence of strong IR features due to S-bearing ices in many ISO’s
mid-IR spectra (e.g. Boogert et al. 2000; Gibb et al. 2004) and
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Table 1. Observation parameters.
Phase center Number of fields
Mosaic 1 α2000 = 05h40m54.27s δ2000 = −02◦28′00′′ 7
Mosaic 2 α2000 = 05h40m53.00s δ2000 = −02◦28′00′′ 4
Molecule & Line Frequency Beam PA Noisea Obs. date
(GHz) (arcsec) (◦) ( K km s−1)
Mosaic 1
12CS J = 2–1 97.981 3.65 × 3.34 48 1.2 × 10−1 Aug. & Oct. 2004 and Mar. 2005
C18O J = 2–1 219.560 6.54 × 4.31 65 9.8 × 10−2 Mar. 2003
Mosaic 2
12CO J = 1–0 115.271 5.95 × 5.00 65 1.2 × 10−1 Nov. 1999
12CO J = 2–1 230.538 2.97 × 2.47 66 1.7 × 10−1 Nov. 1999
a The noise values quoted here are the noises at the mosaic center (Mosaic noise is inhomogeneous due to primary beam correction; it steeply
increases at the mosaic edges). Those noise values have been computed in 1 km s−1 velocity bin.
the presence of S ii recombination lines in dark clouds such as
Rho Ophiuchi (Pankonin & Walmsley 1978) all argue against
a large depletion of sulfur from the gas phase. In this case, the
abundance of species such as CS may indicate that something
important is lacking from chemical models or that an abun-
dant sulfur-bearing carrier has been missed. Therefore, the abun-
dances of sulfur species remain interesting puzzles for interstel-
lar chemistry. In the case of dense clouds, standard chemical
models predict that most of the gas phase sulfur is shared be-
tween S, SO and CS (Millar & Herbst 1990), while H2S is also
abundant in the Orion Bar PDR (Jansen et al. 1995). In all these
cases, a large sulfur depletion, ∼102, was required in the models
to explain the observed abundances.
PDRs oﬀer an ideal intermediate medium between diﬀuse
and dark cloud gas to investigate the sulfur depletion prob-
lem. In this work we have tried to determine the CS abundance
in the Horsehead PDR as a tool for estimating the sulfur gas
phase abundance. However, CS chemistry is an open issue itself
in diﬀerent environments, from hot cores (e.g. Wakelam et al.
2004) to extragalactic sources (e.g. Martín et al. 2005). Recent
laboratory experiments on dissociative recombination of HCS+
and OCS+ (Montaigne et al. 2005) imply a substantial modifica-
tion of previous reaction rate coeﬃcients, dissociative channels
and branching ratios used in chemical models. The latest avail-
able reaction rates and collisional coeﬃcients have been used in
our photochemical and radiative transfer models.
1.1. The Horsehead nebula
The Horsehead nebula, appears as a dark patch of ∼5′ diame-
ter against the bright HII region IC 434. Emission from gas and
dust associated with this globule has been detected from IR to
millimeter wavelengths (Abergel et al. 2002, 2003; Pound et al.
2003; Teyssier et al. 2004, Habart et al. 2005; Pety et al. 2005a),
although the first astronomical plates were taken ∼120 yr ago. In
particular, the Horsehead western edge is a PDR viewed nearly
edge-on and illuminated by the O9.5V star σOri at a projected
distance of ∼3.5 pc (Anthony-Twarog 1982). The intensity of
the incident FUV radiation field is χ  60 relative to the inter-
stellar radiation field (ISRF) in Draine’s units (Draine 1978).
According to the evolutionary view of Reipurth & Bouchet
(1984), the Horsehead nebula was a quiescent and dense cloud
core embedded in a more diﬀuse cloud (L1630). The erosive
action of the UV radiation from σOri on the ambient gas led
to the apparent emergence of the core cloud, as in the earli-
est stages of Bok globules still attached to their parental cloud.
However, the observed morphology together with the velocity
gradients of the cloud, require a more involved description in-
cluding a pre-existing rotating velocity field as well as den-
sity inhomogeneities in the initial structures (Pound et al. 2003;
Hily-Blant et al. 2005). The erosive eﬀect of the ionizing and
dissociating radiation field together with these initial conditions
explain the peculiar shaping of the Horsehead nebula. In partic-
ular, the densest regions of the initial inhomogeneities are now
believed to be the East-West filamentary material connecting it
to the parental cloud, and the PDR. In this work we have studied
the PDR through CS, C34S and HCS+ observations.
2. Observations and data reduction
2.1. Observations
2.1.1. Pico Veleta single-dish
The single-dish data presented in this paper have been gathered
between February and October 2004 at the IRAM 30-m tele-
scope. The Horsehead nebula PDR was mapped in the CS J =
2–1 and 5–4 lines in order to provide the short-spacings for the
interferometric observations presented thereafter. The final map
consists of 5 on-the-fly coverages performed along perpendicu-
lar scanning directions, and combined with the PLAIT algorithm
introduced by Emerson & Gräve (1888), allowing to eﬃciently
reduce the stripes over the map. The noise levels (1σ rms) per
regridded pixel and resolution channel of 80 kHz are of the or-
der of 0.15 K at 3 mm, and 0.64 K at 1.3 mm. The latter value
was not low enough to provide any useful mapping information
at 1.3 mm since the CS J = 5–4 line peak is <∼1 K.
In complement to these data, dedicated positions were
probed over a larger set of species and transitions. The fre-
quency switching mode was used to observe CS J = 2–1, 3–2
and 5–4 lines, as well as C34S J = 2–1, 3–2, and HCS+ J =
2–1 lines. Table 2 summarizes the corresponding observing pa-
rameters. Longer integrations allowed to reach, in a resolution
channel of 40 kHz, rms noise levels of 25, 42 and 36 mK at 3,
2, and 1.3 mm respectively. All CS and C34S lines were detected
with a S/N ratio better than 10. Figures 4 and 8 show some spec-
tra collected at positions inside and across the PDR.
The data were first calibrated to the T ∗A scale using the so-
called chopper wheel method (Penzias & Burrus 1973), and
finally converted to main beam temperatures using eﬃcien-
cies (Beﬀ/Feﬀ) of 0.81, 0.74 and 0.50 at 3, 2 and 1.3 mm
respectively.
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Table 2. Line parameters for the IRAM 30-m CS observations.
Molecule Transition Frequency HPBW
(GHz) (arcsec)
CS J = 2–1 97.980968 25
J = 3–2 146.96905 16
J = 5–4 244.93561 10
C34S J = 2–1 96.412982 25
J = 3–2 144.61715 16
HCS+ J = 2–1 85.347884 29
2.1.2. Plateau de Bure Interferometer
PdBI observations dedicated to this project were carried out with
6 antennae in the BCD configuration (baseline lengths from 24
to 331 m) from August 2004 to March 2005. The 580 MHz in-
stantaneous IF-bandwidth allowed us to simultaneously observe
CS, l-C3H and 34SO at 3 mm using 3 diﬀerent 20 MHz–wide
correlator windows. Another window was centered on the 13CO
J = 2–1 line frequency at 1 mm. The full IF bandwidth was also
covered by continuum windows both at 3.4 and 1.4 mm. Only
CS J = 2–1 and 13CO J = 2–1 (not shown here) were detected.
We observed a seven-field mosaic. The mosaic was Nyquist
sampled in declination at 3.4 mm and Nyquist sampled in Right
Ascension at 1.3 mm. This ensures correct sampling in the illu-
minating star direction both at 3 and 1 mm while maximizing the
field of view along the edge of the PDR eases the deconvolution.
This mosaic, centered on the IR peak (Abergel et al. 2003), was
observed for about 30 h of telescope time with 6 antennas. This
leads to an on-source integration time of useful data of 10 h af-
ter filtering out data with tracking errors larger than 1′′ and with
phase noise worse than 40◦ at 3.4 mm. The rms phase noises
were between 15 and 40◦ at 3.4 mm, which introduced position
errors <0.5′′. Typical 3.4 mm raw resolution was 2.5′′.
2.2. Data processing
All data reduction was done with the GILDAS1 softwares sup-
ported at IRAM (Pety 2005b). Standard calibration methods us-
ing nearby calibrators were applied to all the PdBI data. The
calibrator fluxes used for the absolute flux calibration are sum-
marized in Table 3.
Following Gueth et al. (1996), single-dish, fully sampled
maps obtained with the IRAM-30 m telescope (see Sect. 2.1.1)
were used to produce the short-spacing visibilities filtered out
by each mm-interferometer (e.g. spatial frequencies between 0
and 15 m for PdBI). Those pseudo-visibilities were merged with
the observed, interferometric ones. For imaging, we followed the
method described by Pety et al. (2005) to produce images in dif-
ferent lines of the same source. This results in inhomogeneous
noise. In particular, the noise strongly increases near the edges
of the field of view. To limit this eﬀect, the mosaic field-of-view
is truncated.
Moreover, the natural synthesized beam (3.58′′ × 1.89′′ at
PA 37◦) is very asymmetric due to the low declination of the
Horsehead nebula. We chooe to taper the weights of the uv vis-
ibilities before imaging using a Gaussian of size 400 m ×
115 m at PA 80◦ to obtain an almost circular clean beam
(3.65′′ × 3.34′′ at PA 48◦). This considerably eased the decon-
volution as 1) the larger beam increases the brightness sensitiv-
ity and 2) the secondary sidelobes of the dirty beam are much
1 See http://www.iram.fr/IRAMFR/GILDAS for more informa-
tion about the GILDAS software.
Table 3. Calibrator fluxes in Jy.
Date B0420−014 B0607−157
3 mm 1 mm 3 mm 1 mm
20.08.2004 3.4 2.9 1.4 0.93
04.10.2004 3.4 2.9 1.6 0.90
27.02.2005 3.5 2.9 1.6 0.90
02.03.2005 3.2 2.3 1.6 0.89
12.03.2005 3.2 2.3 1.6 0.90
13.03.2005 3.2 2.3 1.6 1.00
less patchy. Deconvolved image nevertheless still shows low-
level, fake, patchy structures at the scale of the clean beam,
mainly along the vertical direction. This is a known artifact of
the Högbom CLEAN algorithm when a large spatial dynamic
(field-of-view/resolution ∼110/3.5 = 30) is combined with high
enough signal-to-noise ratio.
3. Results
The PdBI integrated emission map of the CS J = 2–1 line,
complemented with previous maps of CO J = 1–0, 2–1 and
C18O J = 2–1 lines (Pety et al. 2005a), is shown in Fig. 1.
Integrated emission profiles for these lines and for the small hy-
drocarbon c–C3H2 212–101 line emission and 1.2 mm continuum
emission (Pety et al. 2005a) are shown in Fig. 2. In Fig. 1 the
four panels are shown in a coordinate system adapted to the
source: i.e. maps have been rotated by 14◦ counter-clockwise
around the image center to bring the exciting star direction in the
horizontal direction as this eases the comparison with edge-on
PDR models. Maps have also been horizontally shifted by 20′′
to the east in order to set the horizontal zero at the PDR edge
(delineated by the vertical line). Therefore, the coordinate sys-
tem is converted from δRA to δx and from δDec to δy in arcsec
(see Fig. 1). In the following, our spatial scale to interpret the
PdBI maps will refer to the δx scale.
PdBI observations show that the CS emission is strikingly
diﬀerent from that of other species observed at comparable spa-
tial resolutions. CS does not follow the filamentary pattern along
the cloud edge revealed by mid-IR (Abergel et al. 2003), H2
(Habart et al. 2005) or CCH and c–C3H2 emission (Pety et al.
2005a). Instead, the behavior of the CS J = 2–1 line emission is
more similar to that of CO and shows a steep rise across the PDR
and a plateau in the shielded region. Besides, the CS J = 2–1 line
emission peak occurs in the well-shielded regions and does not
coincide with the C18O J = 2–1 nor with the 1.2 mm continuum
peaks (i.e. the temperature weighted density peaks, see Fig. 2).
Therefore, PdBI observations suggests that CS is more abundant
in the lower density regions and/or it shows line opacity eﬀects
in the denser regions. These results confirm that there are dif-
ferences in the spatial distribution of small hydrocarbons (Pety
et al. 2005a) and other species with similar excitation require-
ments. PdBI CO, C18O and CS line spectra along the direction
of the exciting star (δy = 0′′) are shown in Fig. 3. The CS J =
2–1 emission peak and line widths are comparable to those of
C18O J = 2–1. Nevertheless, the CS emission distribution pro-
file in the δx direction is less smooth, which can be an artifact of
the data reduction and/or related to the CS photochemistry. The
CS emission increases like the C18O emission in the PDR edge
but in the shielded gas, CS rises when C18O decreases. On the
other hand, 12CO peaks closer to the PDR edge and lines have
broader line widths (Pety et al. 2005a) indicative of their much
larger opacities.
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Fig. 1. Integrated emission maps obtained with the Plateau de Bure Interferometer. The center of all maps has been set to the mosaic phase center:
RA(2000) = 05h40m54.27s, Dec(2000) = −02◦28′00′′ . The map size is 110′′ × 110′′ , with ticks drawn every 10′′ . The synthesized beam is plotted
in the bottom left corner. The emission of all lines is integrated between 10.1 and 11.1 km s−1. Values of contour level are shown on each image
wedge. The four panels are shown in a coordinate system adapted to the source: i.e. maps have been rotated by 14◦ counter-clockwise around the
image center to bring the exciting star direction in the horizontal direction as this eases the comparison of the PDR models. Maps have also been
horizontally shifted by 20′′ to set the horizontal zero at the PDR edge, delineated by the vertical line.
CS and C34S single-dish observations at larger spatial scales
are presented in Fig. 4. CS line ratios are similar in all ob-
served PDR positions. However, there is a trend for CS lines
to peak where C18O emission decreases. Again, this is indica-
tive of larger abundances in the lower density regions and/or
line opacity eﬀects in the denser regions. The latter hypothe-
sis is playing a role because CS J = 3–2 lines show asym-
metrical profiles in the whole region, especially red-wing like
self-absorptions. See for example the (−52,−40) position with
respect to the IRAM-30 m C18O J = 2–1 map of Hily-Blant
et al. (2005; Fig. 4). In addition, CS J = 3–2 and 2–1 lines
must be optically thick since their intensity is only a factor
∼5 stronger than the analogous C34S lines, significantly lower
than the 32S/34S = 23 solar isotopic ratio (Bogey et al. 1981).
In addition, CS 3−22−1 line ratios are ∼0.7 while the optically thin
C34S 3−22−1 line ratios are larger ∼0.9. Therefore, the CS J =
3–2 line is likely to be the most opaque CS line. Finally, Fig. 8
shows clear detections of the HCS+ J = 2–1 line. As the ex-
pected HCS+ abundance is lower than that of C34S, these lines
are weak and should be optically thin. Line intensities are quite
similar in all observed PDR positions.
4. Numerical methodology
4.1. Photochemical models
We have used the Meudon PDR code (publicly available at
http://aristote.obspm.fr/MIS/), a photochemical model
of a unidimensional stationary PDR (Le Bourlot et al. 1993).
The model has been described in detail elsewhere (Le Petit
et al. 2006). In few words, the PDR code solves the FUV ra-
diative transfer in an absorbing and diﬀusing medium of gas and
dust. This allows the explicit computation of the FUV radiation
field (continuum+lines) and therefore, the explicit integration
of consistent C and S photoionization rates together with H2,
CO, 13CO, and C18O photodissociation rates. Penetration of
FUV radiation into the cloud strongly depends on dust prop-
erties through dust absorption and scattering of FUV photons.
Properties of dust grains are those described in Pety et al. (2005).
We have taken a single dust albedo coeﬃcient of 0.42 and
an scattering asymmetry parameter of 0.6.
Once the FUV field has been determined, the steady-
state chemical abundances are computed for a given
chemical network. The Ohio State University (osu)
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Fig. 2. Emission profiles along the exciting star direction (PA = −104◦
in the equatorial coordinate system). To improve the signal-to-noise
ratio, emission profiles have been integrated along the perpendicular
direction between −7.5′′ < δy < +7.5′′. We show from top to bot-
tom 12CO J = 2–1, 12CO J = 1–0, C18O J = 2–1, 12CS J = 2–1, c-C3H2
212–101 and 1.2 mm dust continuum emission (Pety et al. 2005a). The
3σ noise level is indicated by the dashed lines. It rises at the cut edges
due to the primary beam correction. Note that the fields of view of the
12CO and C18O data are smaller than the field of view of the 12CS data
because of the smaller mosaic size and/or the higher frequency.
gas-phase chemical network (osu.2005; September 2005
release; http://www.physics.ohio-state.edu /∼eric/
research.html) has been used as our chemical framework.
The most important changes compared to previous versions
are the decrease, by a factor of 2, of rate coeﬃcients of
photoionization and photodissociation reactions produced by
cosmic-ray-induced H2 secondary photons, the inclusion of
fluorine (F) and its chemistry (see Neufeld et al. 2005) and the
update of several reaction rates. In addition, several changes
have been carried out by us on the chemical network. In
particular, we have introduced diﬀerent 18O bearing species
into the chemical network by assuming similar reaction rates
to those involving the major isotopologues. Fractionation
reactions have been added following Graedel et al. (1982) and
specific photodissociation cross-sections for C18O are explicitly
introduced to compute the corresponding photodissociation rate.
When available, we have also used the photodissociation rates
given by van Dishoeck (1988), which are explicitly calculated
for the Draine interstellar radiation field (ISRF). Finally, we
have further upgraded the sulfur network by adding the most
recent reaction rates, dissociation channels and branching ratios
Table 4. IRAM-30 m line observation parameters from Gaussian fits.
Molecule/ Oﬀset ∆vFWHM
∫
T ∗A dv
Transition (′′) (km s−1) (K km s−1)
CS J = 2–1 −52, −40 0.75 ± 0.01 2.60 ± 0.01
−64, +30 0.89 ± 0.01 3.63 ± 0.01
−35, −25 0.78 ± 0.01 3.68 ± 0.01
−20, −15 0.77 ± 0.01 3.55 ± 0.01
CS J = 3–2 −52, −40 0.72 ± 0.01 1.82 ± 0.02
−64, +30 0.93 ± 0.01 2.58 ± 0.02
−35, −25 0.76 ± 0.01 2.73 ± 0.02
−20, −15 0.80 ± 0.01 2.40 ± 0.02
CS J = 5–4 −52, −40 0.43 ± 0.02 0.35 ± 0.01
−64, +30 0.76 ± 0.02 0.62 ± 0.02
−35, −25 0.58 ± 0.02 0.52 ± 0.01
−20, −15 0.60 ± 0.03 0.40 ± 0.02
C34S J = 2–1 −52, −40 0.47 ± 0.02 0.26 ± 0.01
−64, +30 0.67 ± 0.04 0.38 ± 0.02
−35, −25 0.59 ± 0.02 0.40 ± 0.01
−20, −15 0.58 ± 0.03 0.45 ± 0.02
C34S J = 3–2 −52, −40 0.48 ± 0.04 0.20 ± 0.01
−64, +30 0.74 ± 0.05 0.28 ± 0.02
HCS+ J = 2–1 −52, −40 0.8 ± 0.3 0.07 ± 0.03
−35, −25 0.6 ± 0.3 0.05 ± 0.03
−20, −15 0.9 ± 0.4 0.10 ± 0.03
of HCS+ and OCS+ dissociative recombination (Montaigne
et al. 2005) and by including the CS photoionization (ionization
potential ∼11 eV). These processes have direct impact on
CS chemistry. The resulting network involves ∼450 species
and ∼5000 reactions. Finally, the model computes the thermal
structure of the PDR by solving the balance between the most
important processes heating and cooling the gas (see Le Bourlot
et al. 1993). Our standard conditions for the model of the
Horsehead PDR include a power-law density profile (Eq. (2))
and a FUV radiation field enhanced by a factor χ = 60 with
respect to the Draine ISRF (see Table 6). Diﬀerent sulfur gas
phase abundances, S/H, have been investigated. To be consistent
with PdBI CO observations, thermal balance was solved until
the gas temperature reached a minimum value of 30 K, then
a constant temperature was assumed.
4.2. Radiative transfer models
We have used a simple nonlocal non-LTE radiative transfer code
to model our millimeter line observations. The code handles
spherical and plane-parallel geometries and accounts for line
trapping, collisional excitation, and radiative excitation by ab-
sorption of microwave cosmic background and dust continuum
photons. Arbitrary density, temperature or abundance profiles,
and complex velocity gradients can be included. A more detailed
description is given in the Appendix. The choice of a nonlocal
treatment is needed to analyze optically thick lines of abundant,
high-dipole moment molecules, such as CS, in regions where the
gas density is below the critical densities of the associated tran-
sitions. Table 5 shows the critical densities of observed C18O,
HCS+ and CS lines. Under these conditions, radiative transfer
and opacity eﬀects may dominate the line profile formation. Our
radiative transfer analysis has been used to infer abundances
and physical conditions directly from observations but also to
predict line spectra from the photochemical model results. The
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Fig. 3. Spectra along the direction of the exciting star at δy = 0′′. 12CO J = 1–0, C18O J = 2–1 and 12CS J = 2–1 spectra cubes were smoothed by
a 15′′-FWHM 1D-Gaussian along the y direction perpendicular to the illuminating star direction. Due to their small field of view (in particular in
the y direction), the 12CO J = 2–1 data were just smoothed by a 5′′-FWHM circular Gaussian.
Fig. 4. IRAM-30 m CS J = 2–1, 3–2 and 5–4, and C34S J = 2–1 and 3–2 single-dish observations (histograms) at diﬀerent positions of the
Horsehead PDR single-dish C18O J = 2–1 emission centered at α2000 = 05h40m58s, δ2000 = −02◦27′20′′ (from Hily-Blant et al. 2005).
following temperature dependent collisional rate coeﬃcients2
have been adopted:
– for CS: we have used the latest CS + He collisional rates
from Lique et al. (2006), kindly provided by F. Lique
2 Some of them retrieved from BASECOL, a data base for collisional
excitation data at http://www.amdpo.obspm.fr/basecol. We con-
sidered H2, He and H as the collisional partners in all CS, C34S, HCS+
and C18O excitation models. See Appendix.
prior to publication, scaled by the reduced mass factor
(µCS−H2/µCS−He)1/2. Most of the models were repeated with
the older collisional rates of Turner et al. (1992).
– for C34S: same as CS but using C34S spectroscopy to com-
pute collisional excitation rates through detailed balance.
– for C18O: CO + H2 de-excitation rates from Flower (2001)
but using C18O spectroscopy to compute collisional excita-
tion rates through detailed balance.
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Table 5. Einstein coeﬃcients, transition upper level energies and critical
densities for the range of temperatures considered in this work.
Molecule Transition Ai j Ei ncr
(s−1) (K) (cm−3)
C18O J = 2–1 6.01 × 10−7 15.8 ∼8 × 103
HCS+ J = 2–1 1.11 × 10−5 6.1 ∼5 × 104
C34S J = 2–1 1.60 × 10−5 6.9 ∼4 × 105
J = 3–2 5.79 × 10−5 13.9 ∼1 × 106
CS J = 2–1 1.68 × 10−5 7.1 ∼4 × 105
J = 3–2 6.07 × 10−5 14.1 ∼1 × 106
J = 5–4 2.98 × 10−4 35.3 ∼5 × 106
– for HCS+: HCS+ + He collisional rates from Monteiro
(1984), scaled by the reduced mass factor (µHCS+−H2/
µHCS+−He)1/2, have been used.
5. Modeling and interpretation
5.1. CS, C34S and HCS+ single-dish emission
In order to get a first order approximation of the CS excitation
and column density, we have assumed that level populations are
only determined by a Boltzmann distribution at a single rota-
tional temperature. If one accepts that lines are optically thin,
this approach corresponds to the widely used rotational-diagram.
However, observed CS/C34S intensity ratios, and CS line profiles
(see Fig. 4) clearly show that the low-J CS lines are optically
thick towards the Horsehead. Therefore, we have included op-
tical depth eﬀects and built a rotational-diagram corrected for
opacity through:
ln
Nthini
gi
+ ln Cτ = ln N − ln Q − EiTrot (1)
where Nthini are the upper level populations determined from ob-
servations in the optically thin limit (underestimated if lines are
optically thick), Ei is the upper i-level energy in K, Q is the par-
tition function at Trot and Cτ is the line opacity correction fac-
tor τi j1−e−τi j >1 (Goldsmith & Langer 1999). We have performed
this analysis at diﬀerent cloud positions. Resulting diagrams are
shown in Fig. 5 as a function of diﬀerent CS J = 2–1 line opac-
ities (τ2−1 = 0, 1 and 5). In the optically thin limit CS col-
umn densities are N(CS) ∼ 5 × 1013 cm−2 and they have to be
considered as lower limits. Low excitation temperatures (Trot ∼
6–9 K) are also inferred from the rotational-diagrams. These val-
ues, much lower than expected gas temperatures in a PDR, are
suggestive of radiative excitation eﬀects in CS lines and level
populations far from thermalization. Therefore, we only use the
rotational-diagrams as input for the first iteration of a more com-
plex analysis.
In order to obtain a more detailed overview of the CS ex-
citation, we have made several statistical equilibrium calcula-
tions (see Appendix) around the expected physical conditions
in the Horsehead. In particular, we have run a grid of single-
component models for Tk = 10, 20, 30, 50 and 70 K, n(H2) =
104, 5 × 104, 105 and 5 × 105 cm−3, and χ(CS) from 10−10
to 10−7. As a reference value, the cloud total extinction is as-
sumed to be constant and equal to AV = 20 mag in all models,
i.e. the spatial length is changed accordingly. Figure 6 specifi-
cally shows selected results for Tk = 30 K, which gives appropri-
ate absolute intensities for the CS lines. In particular, integrated
line intensity ratios of observed lines as a function of CS abun-
dance for diﬀerent densities are shown. Averaged ratios from
Table 6. Horsehead standard conditions and gas phase abundances.
Parameter Value
Radiation field χ 60 (Draine units)
Cosmic ray ionization rate ζ 5 × 10−17s−1
Density profile nH = n(H) + 2n(H2) 50 to 2 × 105 cm−3
Line of sight spatial depth ldepth 0.05–0.1 pc
Line of sight inclination angle ϕ 0◦ to 5◦
He/H = n(He)/nH 1.00 × 10−1
O/H 3.02 × 10−4
C/H 1.38 × 10−4
N/H 7.95 × 10−5
18O/H 6.04 × 10−7
Cl/H 1.00 × 10−7
Si/H 1.73 × 10−8
Mg/H 1.00 × 10−8
F/H 6.68 × 10−9
Na/H 2.30 × 10−9
Fe/H 1.70 × 10−9
P/H 9.33 × 10−10
Fig. 5. CS rotational-diagrams corrected for line opacity eﬀects at each
observed position of Fig. 4. Rotational-diagrams for diﬀerent consid-
ered CS J = 2–1 line opacities (τ2−1) are shown in each box. Rotation
temperatures for each opacity correction are also indicated.
CS single-dish observations are 3−22−1 ∼ 0.7, 5−42−1 ∼ 0.2 and 5−43−2 ∼
0.3. Therefore, densities ≥5 × 104 cm−3 are needed to populate
the CS intermediate-J levels. On the other hand, for high densi-
ties (≥5 × 105 cm−3), collisions start to eﬃciently populate these
levels and the predicted line ratios involving the CS J = 5–4 line
become much larger than observed. Thus, mean densities are in
the range n(H2)  (0.5–1.0) × 105 cm−3, i.e. lower than CS crit-
ical densities (Table 5). Excitation temperatures are predicted to
be subthermal, Tex < Tk, especially for the highest frequency
lines. Due to line-trapping, the maximum Tex is reached at the
center of the cloud, while it graduately drops at both surfaces
where line photons are optically thin and line trapping is not ef-
ficient. The only exception is the CS J = 1–0 transition which
shows an increase of the excitation temperature, T 1−0ex , at both
surfaces. This rising in T 1−0ex is due to the significant collisional
excitation coupling from the J = 0 to J = 2 level, and to the large
radiative de-excitation rates from J = 2 to J = 1 level. At both
surfaces, where optically thin CS J = 2–1 line photons can eas-
ily escape from the cloud (T 2−1ex decreases), the above excitation
conditions favor the population of the J = 1 level with respect
to the J = 0 level. Therefore, T 1−0ex can reach large suprathermal
values. A typical example is shown in Fig. A.2. Thus, within this
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Fig. 6. Grid of CS single-component models assuming Tk = 30 K and a fixed extinction of 20 mag. Panels show diﬀerent line ratios as a function
of χ(CS ). Each panel correspond to a single density, from n(H2) = 104 to 5 × 105 cm−3. Mean observed ratios are 3−22−1  0.7, 5−42−1  0.2 and
5−4
3−2  0.3.
range of parameters and even if physical conditions are homo-
geneous, excitation gradients must be taken into account.
For these temperatures and densities, Tk  20–30 K and
n(H2)  (0.5–1.0) × 105 cm−3, the CS 5−42−1 and 5−43−2 line ra-
tios are better fitted in the interval χ(CS)  (0.2–1.0) × 10−8.
Nevertheless, the 3−22−1 line ratio is systematically predicted to
be larger than observed in these single-component models.
Therefore, a more complex density structure and/or additional
opacity eﬀects in low-J CS lines may be aﬀecting the observed
profiles. The latter hypothesis is clearly favored by the fact
that the C34S 3−22−1 line intensity ratio is larger (∼0.9) than the
CS 3−22−1 ratio (∼0.7) and thus closer to the single-component
model predictions. Since the C34S emission is optically thin, ra-
diative transfer eﬀects are less important and C34S column den-
sities can be accurately determined.
C34S single-component radiative transfer models for se-
lected positions within the region have been run (Fig. 7). Since
C34S emission can arise from diﬀerent gas components of higher
density, not resolved by the large single-dish beam, we have
modeled each position in spherical geometry. This allows to
explore diﬀerent components of diﬀerent beam filling factors.
The maximum extinction in the models varies from AV = 20 to
12 mag depending on the cloud position. These values are con-
sistent with those obtained from single-dish 1.2 mm dust con-
tinuum emission observations (Teyssier et al. 2004; Pety et al.
2005a). Following our previous general excitation calculations
we have considered gas temperatures in the range 20–25 K. For
these conditions, densities between n(H2) = 7 × 104 and 1.2 ×
105 cm−3 satisfactorily reproduce the observed C34S absolute
intensities. Best fits are obtained for turbulence velocities (see
Appendix for the definition of vturb) between 0.3 and 0.4 km s−1
(Table 7). Although C34S is slightly enhanced where C18O de-
creases, we have averaged the 4 positions to find the mean
C34S abundance in the region covered with single-dish obser-
vations and found χ(C34S) = (3 ± 1) × 10−10. Since nucleosyn-
thesis models favor a constant galactic 32S/34S ratio and many
observations reproduce the solar ratio within their error bars
(Wannier et al. 1980; Frerking et al. 1980), especially in local
diﬀuse clouds (Lucas & Liszt 1998), we adopt 32S/34S = 23
here as the isotopic ratio in the Horsehead. Therefore, the de-
rived χ(C34S) abundance translates to χ(CS) = (7 ± 3) × 10−9.
The same physical conditions at each position have been used
to model the HCS+ J = 2–1 lines (see Fig. 8). Lines are repro-
duced for an averaged abundance of χ(HCS+) = (4 ± 2) × 10−11,
therefore, a CS/HCS+  175 abundance ratio is derived.
Using the CS abundance inferred from the C34S analysis,
we have now tried to fit the CS lines at each position. Since a
Fig. 7. Radiative transfer models for CS and C34S discussed in the
text (curves) that best fits the IRAM-30 m observations (histograms).
Oﬀsets in arcsec refer to the (0,0) position of the C18O(2–1) map (see
Fig. 4). Predicted line profiles have been convolved with the telescope
angular resolution at each frequency. Intensity scale is in main beam
temperature.
single-component model does not reproduce the observed line
ratios and absolute intensities, we have explored other possibil-
ities. In principle, CS low-J lines are optically thick and may
not trace the high density gas revealed by C34S, especially if the
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Fig. 8. IRAM-30 m HCS+(2–1) single-dish observations (histograms) at diﬀerent positions of the Horsehead. Oﬀsets in arcsec refer to the (0,0) po-
sition of the C18O(2–1) map (see Fig. 4). Radiative transfer models for HCS+ at selected positions are also shown (curves). Predicted line profiles
have been convolved with the telescope angular resolution at each frequency. Intensity scale is in main beam temperature.
Table 7. Single-component radiative transfer model parameters.
Parameter Value
Tk 20–25 K
n(H2) (7–12) × 104 cm−3
vturb 0.3–0.5 km s−1
χ(C34S) (3 ± 1) × 10−10
χ(HCS+) (4 ± 2) × 10−11
medium is inhomogeneous and dense clumps and a more dif-
fuse interclump medium coexist. The same argumentation has
been used to interpret HCN and H13CN observations in the
Orion Bar PDR (Lis & Schilke 2003). In addition, it is well
known that low-J CS lines may not be a good column den-
sity tracer if their emission is scattered by a low density halo
(González-Alfonso & Cernicharo 1993). This process can be
a common eﬀect in optically thick lines of high-dipole moment
molecules such as CS or HCO+ (Cernicharo & Guélin 1987).
In this scenario, the CS J = 3–2 and 2–1 lines from the dense
medium will be attenuated and scattered over larger areas than
the true spatial extend of the dense clumps. This possibility has
been analyzed in more detail in the next section. Fortunately,
observations of the CS J = 5–4 line allow to directly trace the
dense clumps more safely (Table 8). In particular, we found that
these lines can only be reproduced with denser gas components,
n(H2) = (4 ± 2) × 105 cm−3, not resolved by the ∼10′′ beam of
the IRAM-30 m telescope at ∼250 GHz. Note that the CS J =
5–4 line widths are fitted if the turbulent velocity in the denser
gas is ∼0.2 km s−1, a factor 2 lower than the one required by the
C34S J = 3–2 and 2–1 lines (Fig. 7). Thus, a diﬀerent spatial
origin for this line emission is favored.
At this stage we have a general knowledge of the CS and
HCS+ excitation and abundance in the region. In the following
sections we concentrate in the photochemistry of these species.
Only higher angular observations provide the appropriate lin-
ear scale to resolve the most important physical gradients in
the PDR edge. Hence, interferometric observations should allow
a better comparison with chemical predictions.
5.2. The PDR edge
PdBI C12O J = 2–1, 1–0, C18O J = 2–1, and CS J = 2–1 obser-
vations along the direction of the exciting star (at δy = 0′′) are
shown in Fig. 3. Here we take these spectra as representative of
the PDR edge and try to constrain its physical conditions through
a combined analysis of photochemical and radiative trans-
fer models. Both models use a unidimensional plane-parallel
Table 8. Two-component radiative transfer model parameters.
Parameter Value
Tk 20–25 K
n(H2) (3–7) × 104 cm−3
dense component (2–6) × 105 cm−3
(filling factor) 0.3
vturb 0.3–0.4 km s−1
dense component 0.2–0.3 km s−1
χ(CS) (7 ± 3) × 10−9
S/H (3.5 ± 1.5) × 10−6
description of the geometry. Although some physical processes
require more complex geometries, the main physical and chemi-
cal gradients across the illuminated direction can be consistently
described in this way. Plane-parallel geometry was judged to be
the best approach for this edge-on PDR since H2 and PAH emis-
sions are only observed at the illuminated edge and not deeper
inside the cloud (Habart et al. 2005).
In this analysis, we have used the PdBI CS J = 2–1 and
C18O J = 2–1 lines. As low-J 12CO optical depths are very
high, they do not trace the bulk of material. The intensity peak of
these lines only provide a good estimation of the CO excitation
temperatures (i.e. a lower limit to the gas temperature). Since
the asymptotic brightness temperature of CO J = 1–0 lines is
∼30 K, we take this value as the minimum of Tk in the PDR.
We note that lower temperatures do not reproduce the observed
line intensities. For the rest of the (warmer) positions closer to
the PDR edge, the gas temperature was determined by solv-
ing the thermal balance. The predicted gas temperature in the
density peak is ∼50 K while it rises to ∼200–250 K in the
H2 emitting regions where the density is nH  103–104 cm−3.
More exact temperature values require observations of higher-
J CO lines at comparable spatial resolution. We are currently
analysing 13CO J = 3–2 data from the SMA interferometer.
Regarding the density structure, both the observed H2 and
PAH mid-IR emission, together with their spatial segregation,
are much better reproduced with a steep density gradient than
with an uniform density (Habart et al. 2005). The same density
gradient is needed to correctly reproduce the observed oﬀset be-
tween the small hydrocarbons (Pety et al. 2005a) and H2 emis-
sion (where the density is not at its peak). Therefore, in order to
reproduce PdBI observations of CS and C18O, a steep power-law
density gradient at the illuminated regions and a step-density in
the more shielded region have been assumed.
The following methodology was carried out: a full
PDR model with Horsehead standard conditions (see Sect. 4.1)
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was run with a particular choice of the density gradient described
in Eq. (2). Afterwards, the PDR output was used as input for the
nonlocal radiative transfer calculation in a fashion described in
Appendix A.2. In this way, physical parameters can be tuned
more accurately by iteration of diﬀerent radiative transfer mod-
els. Once better parameters have been found, a new PDR com-
putation is performed with this choice of physical parameters.
Hence, the most appropriate physical and chemical description
of the PDR edge was found through the PDR model→transfer
model→check with observations→transfer model→PDR model
iterative process. Therefore, synthetic CS and C18O abundance
profiles are consistently computed as a function of the edge dis-
tance δx (in arcsec) and directly compared with observations.
Diﬀerent PDR spatial depths were investigated. Depending
on the adopted density profile, the spatial depth ldepth is de-
termined by the line of sight visual extinction. However, the
AV value depends on the method used to measure it. If opti-
cally thin 1.2 mm dust emission is used (Teyssier et al. 2004;
Pety et al. 2005a; Habart et al. 2005), the resulting column den-
sities depend on the usually unknown grain properties and on
the assumed temperature. Taking into account our poor knowl-
edge of the cloud thermal structure, a factor ∼2 of uncertainty
in AV can be assumed. In addition, the angular resolution of
millimeter continuum observations is at least a factor ∼2 worse
than PdBI molecular line observations. Due to the steep decrease
of the density towards the edge, and due to the ∼11′′ beam of
1.2 mm continuum observations, the observed emission peak
will appear deeper inside the cloud, shifted a few arcsec from
the real density peak (which is closer to the edge). Therefore,
together with the PDR edge location, the exact peak density po-
sition can also be uncertain by a few arcsec. Finally, beam dilu-
tion has to be also taken into account when comparing single-
dish versus interferometric observations. Here we have chosen
ldepth = 0.05–0.1 pc, which implies extinction peaks around AV 
15–30 mag. These values are expected in compact globules
(Reipurth & Bouchet 1984). Since CS and C18O excitation and
line transfer are quite diﬀerent, the following combined analysis
provides an accurate description of the edge density structure.
The empirical density profile in the models, nH = n(H) + 2n(H2),
as a function of δx is:
nH(δx) =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
nH(0) + [nH(δx1) − nH(0)]
(
δx
δx1
)β
; δx1 ≥ δx ≥ 0
nH(δx1); δx2 ≥ δx > δx1
nH(δx2); δx > δx2
(2)
where δx is the distance away from the PDR edge, nH(0) is the
ambient density at the edge, and nH(δx1) and nH(δx2) are con-
stant densities in the δx2 ≥ δx > δx1 and δx > δx2 regions re-
spectively. Selected photochemical models are shown in Fig. 9.
The normalized population of the H2 v = 1, J = 3 level is
shown in the upper panel and is used to place the δx-axis origin
of the models and thus to accurately check with observations.
Although some uncertainty in the location of the PDR edge ex-
ists, we place the peak of this curve at the maximum of observed
H2 1–0 S(1) 2.12 µm excited line (δx ∼ 10′′; Habart et al. 2005).
Best models are found for a peak density around nH(δx1) = 2 ×
105 cm−3. This density is reached in a length of ∼2.5′′–5′′ (or
5–10 × 10−3 pc) and stays constant in a length of δx2−δx1 <∼ 20′′
(or 0.04 pc). In order to fit the smooth decrease of C18O emission
and also of the 1.2 mm continuum emission, the density has to
decrease again by at least a factor ∼2. We have simply modeled
this as a step-function for δx > δx2 and decrease the density to
nH(δx2) = 105 cm−3. We have chosen δx1 = 12′′ and δx2 = 30′′.
Our models confirm that high density gas and a large gradient
slope, β ∼ 3–4, are needed to reproduce the PdBI and H2 obser-
vations (Habart et al. 2005), although we found a slightly smaller
gradient scale length.
As proposed by Habart et al. (2005) the PDR edge can be
slightly inclined with respect to the line of sight by a small
angle ϕ. In plane-parallel geometry, the maximum inclination
can be estimated assuming that the observed spatial extend of
the H2 emission, dH2 , is mainly due to the projection of ldepth
in the plane of the sky, thus sin ϕ  dH2/ldepth. Since dH2 ∼
0.01 pc, an inclination angle ϕ ∼ 5◦, has been considered in the
radiative transfer models (see Appendix A.2). As expected, even
such a small inclination shifts the emission peak significantly
and should therefore be taken into account. Figure 10 shows the
PdBI C18O line observations and the combined PDR+transfer
modeling including such geometrical eﬀects. The agreement is
excellent, probably favored by the well-established CO photo-
chemistry (Fig. 9) and because C18O J = 2–1 lines do not show
complex radiative transfer eﬀects (τ2−1 ∼ 0.8).
To analyse the spatial distribution of the CS abundance pre-
dicted by photochemical models at the PDR edge we have also
tried to fit the PdBI CS J = 2–1 lines. Figure 9 shows the eﬀects
of diﬀerent sulfur abundances; S/H = 2 × 10−5 and S/H = 2 ×
10−6. Figure 11 (no inclination) and Fig. 12 (inclination consid-
ered) show the resulting synthetic CS map, using S/H = 2 × 10−6
and a minimum gas temperature of 30 K, over PdBI observations
at two constant δy cuts (δy = 30′′ and 0′′). Contrary to C18O, the
CS emission detected with the PdBI at a fixed δx near the edge
shows an emission gradient in the δy direction, e.g. line peaks
are brighter as δy increases. As a consequence model predic-
tions fit better the δy = 30′′ cut than the δy = 0′′ one. Besides,
larger gas phase sulfur abundances are obtained if the bulk of
the gas in the PDR edge is warmer, i.e. minimum gas tempera-
tures of ∼100 K (Fig. 9, right panel). This may be an indication
of larger temperatures at the cloud edge and lower sulfur deple-
tions. Note that an accurate estimation of the CS abundance at
high resolution from a single PdBI line is not straightforward.
Such determination requires aperture synthesis observations of
additional CS lines to have a minimum idea of the CS excitation
in diﬀerent positions.
In addition, since C34S observations at the same high-angular
resolution were not available, we could not estimate additional
opacity eﬀects in previous PdBI CS models (τ2−1 >∼ 2). In the
following we have tried to estimate the worse possible scenario
aﬀecting the CS lines in the line-of-sight, i.e. the presence of
a surrounding low density halo. Of course, the greatest eﬀect
can appear in the shielded regions where the gas column density
is largest. Therefore we modelled a typical position where CS
is well spatially resolved with the following parameters: ldepth =
0.1 pc, Tk = 30 K, n(H2) = 105 cm−3, vturb = 0.35 km s−1 and
χ(CS) = 7 × 10−9, (the averaged CS abundance obtained from
the detailed CS and C34S excitation analysis of previous sec-
tion). We consider in addition that a low density halo of diﬀuse
gas with the same χ(CS) surrounds the region. We take Tk =
10 K, vturb = 0.7 km s−1 and densities in the interval n(H2) =
(5–10) × 103 cm−3. The same modeling was carried out for C34S.
Figure 13 shows model results. As expected, a low density halo
eﬃciently self-absorbs CS line photons in the most opaque lines,
i.e. the low-J CS lines. As a result, the observed CS line intensi-
ties are attenuated and abundances can be easily underestimated.
However, this eﬀect can be diﬀerent at diﬀerent positions, since
the line opacity also changes. Apart from uncertainties in sulfur
chemistry or instrumental eﬀects in interferometric observations,
diﬀuse gas can also contribute to explain diﬀerences between
models and observations in Figs. 11 and 12. Since, optically
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Fig. 9. Photochemical models using a unidimensional PDR code for two diﬀerent sulfur gas phase abundances, (S/H = 2 × 10−5; left) and the
minimum value found for the Horsehead (S/H = 2 × 10−6; right). The predicted normalized population of the H2 v = 1, J = 3 level is shown
in the upper panel and is used to place the δx-axis origin for the models. The peak of this curve is placed at the maximum of the observed
H2 1–0 S (1) 2.12 µm line emission (δx ∼ 10′′; Habart et al. 2005). Next panel shows the density profile (nH = n(H) + 2n(H2) in cm−3) used in the
PDR calculations that better fits the CS and C18O IRAM-PdBI observations. Next panel shows the gas temperature (in K) consistently computed in
thermal balance until reaches a minimum value of 30 K. Lower panels show the spatial variation of C18O/CO/C/C+ and CS/HCS+/S/S+ abundances
(relative to nH) across the PDR. The far-UV radiation field is χ = 60 times the Draine field. Chemical rates are those of the Ohio State University
(osu) gas-phase chemical network (September 2005 release) plus several modifications (see text). Bottom left panel shows the eﬀect of using the
older rate and branching ratios for the HCS+ dissociative recombination on the CS and HCS+ abundances (dashed curves). Bottom right panel
shows the eﬀect of using a minimum gas temperature of 100 K in the chemistry. Lower CS abundances and thus larger S/H values are possible as
the temperature increases (dashed curves).
thick lines are aﬀected by this eﬀect (Fig. 13), only the observa-
tion of 13CS or C34S isotopologues can help to provide more ac-
curate abundance determinations. In the following, the CS chem-
istry is analyzed in more detail.
5.3. CS chemistry and S-abundance
Predicted C18O/CO/C/C+ and CS/HCS+/S/S+ structures for
a unidimensional PDR with Horsehead standard conditions are
shown in Fig. 9 (see Sect. 4.1). Variation of the sulfur elemen-
tal abundance almost does not aﬀect the CO or C18O abundance
profiles, but it slightly modifies the predicted C/C+ abundance
profiles because charge transfer reactions between C+ and S, and
between C and S+ are clearly altered by the sulfur depletion. The
following results are of course determined by our present knowl-
edge and uncertainties on S-chemistry, and on reaction rates at
diﬀerent temperatures. According to the latest ion storage ring
experiments (Montaigne et al. 2005), only 19% of the HCS+
dissociative recombination results in CS + H while the fracture
of the C-S bond dominates the dissociation (81%). Since these
experiments can not separate the contribution of the CH + S
or SH + C channels in the latter process, we have adopted the
same branching ratio (0.405) for both channels. The reaction rate
coeﬃcient is kDR(HCS+)fast = 9.7 × 10−7(T /300)−0.57 cm3 s−1.
We have also included the latest OCS+ dissociative recombina-
tion rates from Montaigne et al. (2005). The CS + O produc-
tion channel now occurs at a rate 3 times slower than in previ-
ous chemical networks. All these modifications clearly influence
the amount of CS formed from a given sulfur abundance, and
thus the sulfur depletion estimations. Figure 9 (left panel) also
shows the eﬀect of adopting the older HCS+ and OCS+ dis-
sociative recombination rates and branching ratios. In particu-
lar, kDR(HCS+)slow = 5.8 × 10−8(T /300)−0.75 cm3 s−1. However,
since HCS+ + e− → CS + H was the only channel considered
and the OCS+ + e− → CS + O process was faster, smaller sulfur
abundances were required to obtain the same CS abundances.
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Fig. 10. IRAM-PdBI C18O J = 2–1 spectra along the direction of the exciting star at δy = 0′′ (histograms). Radiative transfer models using the out-
put of PDR models for C18O (blue curve) for a density gradient and physical conditions discussed in the text. Lower panel shows inclination eﬀects
assuming that the PDR is inclined relative to the line of sight by a ϕ = 5◦ angle. Modeled line profiles have been convolved with an appropriate
Gaussian beam corresponding to each synthesized beam. Intensity scale is in brightness temperature and abscissa in LSR velocity.
Fig. 11. IRAM-PdBI CS J = 2–1 spectra along the direction of the exciting star at δy = 30′′ (upper panel) and δy = 0′′ (lower panel). Radiative
transfer models using the output of PDR models for CS (red curve) for a density gradient and physical conditions discussed in the text (assum-
ing that the PDR is not inclined relative to the line of sight). Modeled line profiles have been convolved with an appropriate Gaussian beam
corresponding to each synthesized beam. Intensity scale is in brightness temperature and abscissa in LSR velocity.
In the most external layers of the cloud, still dominated
by the FUV radiation field, CS is predominantly formed by
HCS+ dissociative recombination and principally destroyed by
photodissociation and charge transfer with H+. Once the gas is
shielded, OCS+ dissociative recombination and reaction of C
with SO also contributes to CS formation, while its destruction is
now governed by ion-molecule reactions, mainly with HCO+ but
also with H3O+. These last two reactions with abundant molecu-
lar ions return HCS+ again. The peak abundance of HCS+ occur
at AV <∼ 2 mag, where it is formed by reaction of CS+ with H2 and
destroyed by dissociative recombination. For this reason, an or-
der of magnitude change in kDR(HCS+) clearly modifies its peak
abundance in the outer PDR layers. In the more shielded regions,
HCS+ destruction is dominated by dissociative recombination
and reaction with atomic oxygen to form HCO+ and OCS+.
Since the predicted CS abundance scales with S/H, and CS for-
mation is dominated by HCS+ dissociative recombination, we
have used our CS/C34S/HCS+ observations and modeling to es-
timate S/H.
Figure 14 shows results of a grid of photochemical mod-
els for diﬀerent sulfur elemental abundances from S/H = 10−8
to 2 × 10−5, using the latest HCS+ and OCS+ dissociative re-
combination rates. CS and HCS+ abundances with respect to H2
are shown as a function of S/H at two diﬀerent PDR positions
(Av ∼ 10 and ∼2 mag respectively; see Fig. 9). Densities at these
positions are the same, n(H2) = 105 cm−3, but we have taken
diﬀerent PDR positions in order to plot the HCS+ maximum
abundance and to get the CS/HCS+ ratio closer to observations.
Inside the cloud, the predicted maximum HCS+ abundances are
a factor ∼3 lower than observed. Horizontal shaded regions mark
the CS and HCS+ abundances derived from observations and ra-
diative transfer modeling. For clarity, HCS+ abundances have
been multiplied by a factor of 1000. Finally, the vertical shaded
region shows the estimated sulfur elemental abundance in the
Horsehead derived from the overlap region between observed
and predicted abundances. We derive S/H ∼ (3.5 ± 1.5) × 10−6
as the mean value for the PDR. Note that CS is used for the up-
per limit and HCS+ for the lower limit. However, according to
the inferred HCS+ abundance, larger sulfur abundances are still
possible.
6. Discussion
Our multi-transition single-dish and aperture synthesis obser-
vations and modeling of CS and related species allow us to
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Fig. 12. IRAM-PdBI CS J = 2–1 spectra along the direction of the exciting star at δy = 30′′ (upper panel) and δy = 0′′ (lower panel). Radiative
transfer models using the output of PDR models for CS (red curve) for a density gradient and physical conditions discussed in the text (assuming
that the PDR is inclined relative to the line of sight by a ϕ = 5◦ angle). Modeled line profiles have been convolved with an appropriate Gaussian
beam corresponding to each synthesized beam. Intensity scale is in brightness temperature and abscissa in LSR velocity.
Fig. 13. CS and C34S synthetic line profiles for a cloud with a depth
of 0.1 pc, Tk = 30 K, n(H2) = 105 cm−3 and χ(CS) = 7 × 10−9 (thick
curves). Thin curves show the resulting spectra if the same cloud is sur-
rounded by diﬀerent diﬀuse halos (3: n(H2) = 5 × 103 cm−3, 2: n(H2) =
8 × 103 cm−3 and 1: n(H2) = 1 × 104 cm−3). The CS abundance in the
cloud is determined more precisely from CS high-J and C34S low-J ob-
servations, otherwise it is underestimated. Note that the intensity levels
are comparable to those observed in the Horsehead.
constrain the sulfur gas phase chemistry in the Horsehead PDR
and it also gives some insights on the dense gas properties.
6.1. Densities
The densities found in this work, n(H2)  105 cm−3, are larger
to those inferred from previous studies based on single-dish
CO observations (Abergel et al. 2003; Teyssier et al. 2004). This
may be the indication of an inhomogeneous medium character-
ized by a interclump medium (well traced by CO) and a denser
clump medium (better traced by high dipole molecules). Both
high densities and inhomogeneous medium are common in other
PDRs such as the Orion Bar (Lis & Schilke 2003). In particular,
we have shown that unresolved gas components up to n(H2) 
(2–6) × 105 cm−3 are required to explain the CS J = 5–4 line
Fig. 14. Photochemical model predictions for the physical and FUV il-
luminating conditions prevailing in the Horsehead PDR showing the CS
and HCS+ abundance as a function of the sulfur gas phase abundance.
Horizontal shaded regions show the CS and HCS+ abundances derived
from the single-dish observations and radiative transfer modeling. Note
that for clarity HCS+ abundances have been multiplied by a factor
of 1000. The shaded vertical region shows the estimated sulfur abun-
dance in the Horsehead nebula derived from the constrained fits of CS
and HCS+ abundances.
emission in the Horsehead. However, Abergel et al. (2003) did
not find inhomogeneities in analysing ISOCAM images of the
Horsehead. Nevertheless, they noted that clumpiness at scales
smaller than the upper limit of the FUV penetration depth
(∼0.01 pc) could not be excluded. Our best models of the CS J =
5–4 line emission require an unresolved component with a ra-
dius of ∼5 × 10−3 pc. This component can of course be further
fragmented itself. Nevertheless, it is diﬃcult to distinguish be-
tween clumpiness at scales below ∼0.01 pc and the presence of
a lower density envelope surrounding the cloud. Since CO J =
1–0 and 2–1 line opacities easily reach large values, their ob-
served profiles are formed in the very outer layers of the cloud
and thus they can arise from the most diﬀuse gas (n(H2) ∼ 5 ×
103 cm−3). Interferometric observations of intermediate-J lines
of high dipole species such as CS or HCO+ will help to clarify
the scenario.
The high angular resolution provided by PdBI CS and
C18O observations reveals that the Horsehead PDR edge is
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characterized by steep density gradient rising from ambient den-
sities to n(H2) ∼ 105 cm−3 in a length of ∼0.01 pc and kept
roughly constant up to ∼0.05 pc, where the density decreases
again at least a by factor 2. The exact density values still de-
pend on the assumed cloud depth and temperatures. In any
case, the inferred shell of dense molecular gas has high ther-
mal pressures ∼(5–10) × 106 K cm−3 and this can be the sig-
nature of the processes driving the slow expansion of the PDR.
Therefore, the most shielded clumps undergo eﬀective line cool-
ing and the regions of lower density should be compressed due
to their lower internal pressure. Recent hydrodynamical simu-
lations of the expansion of ionization and dissociation fronts
around massive stars also predict that a high density molecu-
lar shell (10–100 times the ambient density) will be swept up
behind the ionization front (Hosokawa & Inutsuka 2005a,b).
The density, pressure and temperature profiles and values pre-
dicted by these simulations at ∼0.5 Myr (the Horsehead forma-
tion timescale derived from its velocity gradients by Pound et al.
2003 and Hily-Blant et al. 2005) qualitatively reproduce the val-
ues inferred from our molecular line observations and model-
ing. Hence, a shock front driven by the expansion of the ion-
ized gas is probably compressing the cloud edge to the high
densities observationally inferred in this work. Specific hydro-
dynamical simulations for the particular source physical condi-
tions and comparison with observations will be appreciated. As
noted by Hosokawa & Inutsuka (2005), the dynamical expan-
sion of a HII region, PDR and molecular shell in a cloud with
a density gradient has not been studied well. We suggest the
Horsehead PDR as a good target.
6.2. Temperatures
Molecular excitation, radiative transfer and chemical models are
used to derive realistic abundances. The gas temperature impacts
many aspects of these computations (e.g. chemical reaction rates
and collisional excitation), and thus, the density and abundance
uncertainties also reflects our incomplete knowledge of the ther-
mal structure. The problem is not straightforward, since a steep
temperature gradient is also expected in PDRs, and also because
the most appropriate tracers of the warm gas lie at higher fre-
quencies. The Horsehead PDR may not be an extreme case, since
its FUV radiation field is not very high and photoelectric heating
alone will not heat the gas to high temperatures as long as the gas
is FUV-shielded. Nevertheless, our thermal balance calculations
quickly lead to Tk  10 K. According to observations, this tem-
perature is too low, especially in the first δx ∼ 30′′ representing
the PDR edge. In this work we have (observationally) adopted
Tk = 30 K as the minimum gas temperature in our PDR calcula-
tions. In forthcoming works we will concentrate on the thermal
structure of the PDR. Here we only note that either the cool-
ing is not so eﬀective and/or extra heating mechanisms need
to be considered. The cosmic ray ionization rate was also in-
creased by a factor ∼5 but it only modifies the gas temperature
by ∆Tk ∼ 4 K.
Under these circumstances we have to conclude that the gas,
or at least a fraction of it, is likely to be warmer than pre-
dicted. We note that this problem is not new. Again, high-J
13CO and NH3 observations have previously probed the exis-
tence of warm gas (∼150 K) in regions where standard heat-
ing mechanisms fail to predict those values (Graf et al. 1990;
Batrla & Wilson 2003). More recently, Falgarone et al. (2005)
reported ISO observations of H2 in the lowest five pure rota-
tional lines S (4) to S (0) (8 µm to 28 µm) toward diﬀuse ISM gas.
The observed S (1)/S (0) and S (2)/S (0) line ratios are too large
to be compatible with the PDR models. These authors suggested
that MHD shocks (Flower & Pineau des Forets 1998) or magne-
tized vortices, which are natural dissipative structures of the in-
termittent dissipation of turbulence (Joulain et al. 1998), locally
heat the gas at temperatures up to ≈1000 K. These structures
add two heating sources: i) viscous heating through large veloc-
ity shear localized in tiny regions and ii) ion-neutral drift heat-
ing due to the presence of magnetic fields (ambipolar diﬀusion).
As shown by Falgarone et al. (2006), these dissipative structures
are also able to trigger a hot chemistry, that is not accessible to
models that do not take into account the gas dynamics. These re-
sults suggest that additional mechanical heating processes are at
work. We propose that the shock waves driven by the expansion
of the HII region and PDR compress the molecular gas in the
cloud edge and provide it with an additional heating source.
6.3. CS and HCS+ chemistry
According to the last (but not least) molecular data aﬀecting
CS chemistry and excitation, the mean CS abundance in the
Horsehead PDR, χ(CS) = (7 ± 3) × 10−9, implies a gas sulfur
abundance of S/H ∼ (3.5 ± 1.5) × 10−6, only a factor <∼4 smaller
than the solar value (Asplund et al. 2005). Even lower sulfur
depletion values are possible if the gas is significantly warmer
than 30 K. Thus, the gas phase sulfur abundance is very close to
the undepleted value observed in the diﬀuse ISM and not to the
depleted value invoked in dense molecular clouds (e.g. Millar
& Herbst 1990). However, the observed CS/HCS+  175 abun-
dance ratio can only be reproduced by photochemical models
by considering the HCS+ peak abundance, otherwise, larger ra-
tios (∼103) are predicted. Therefore, either the observed HCS+
only traces the surface of the cloud where its abundance peaks,
or chemical models underestimate the HCS+ production rate.
In any case, the predicted CS/HCS+ abundance ratio scales
with the gas phase sulfur abundance. The largest ratios are ex-
pected at the lowest sulfur depletions. However, the observed
CS/HCS+ ∼ 10 ratio in the diﬀuse ISM (Lucas & Listz 2002)
is even lower than in the Horsehead. Thus, we have to con-
clude that present chemical models still fail to reproduce the
observed CS/HCS+ abundance ratio, at least in the stationary
regime. Time-dependent photochemical computations may also
help to understand the dynamical expansion of the dissociation
front and the evolving molecular abundances. Besides, Gerin
et al. (1997) noted that larger HCS+ abundances are expected
if the gas is in a high ionization phase. We have computed that
if the cosmic ray ionization rate is increased by a factor of ∼5,
the predicted HCS+ abundance inside the cloud (AV = 10 mag)
interestingly matches our inferred value and the CS/HCS+ abun-
dance ratio gets much closer to the observed ratio without the
need of taking the HCS+ abundance peak.
For the physical and FUV illuminating conditions prevailing
in the Horsehead PDR, most of the gas phase sulfur is locked
in S+ for AV <∼ 2 mag and χ(HCS+) reaches its maximum value.
Besides, the derived gas phase sulfur abundance is large enough
to keep χ(e−) > 10−7 for AV <∼ 3.5 mag. HCS+ and S ii recombi-
nation lines trace the skin of molecular clouds where S+ is still
the dominant form of sulfur. In the scenario proposed by Ruﬄe
et al. (1999), these S+ layers will be responsible of the sulfur
depletion due to more eﬃcient sticking collisions on negatively
charged dust grains than in the case of neutral atoms such as
oxygen. Even in these regions, still dominated by photodissocia-
tion, CS and HCS+ abundances are quickly enhanced compared
to other sulfur molecules. In fact, we predict that CS is the most
abundant S-bearing molecule in the external layers where S+ is
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still more abundant than neutral sulfur. These results are consis-
tent with our PdBI detection of CS close to the PDR edge and
show that CS is a PDR tracer. These findings are consistent with
observations of S-bearing species in the diﬀuse ISM where CS
is more abundant than SO2, H2S and SO (Lucas & Listz 2002).
Between AV ∼ 2 and ∼8 mag the S+ abundance smoothly de-
creases. Since S+ is a good source of electrons, the electronic
fractionation also decreases accordingly. HCS+, and thus CS,
present an abundance minimum in these layers. Neutral atomic
sulfur is now the most abundant S-bearing species. Therefore,
observations of the [S i]25 µm fine structure line will basically
trace these intermediate layers of gas where S-bearing molecules
have not reached their abundance peak. However, the exctitation
energy of the [S i]25 µm line (the upper level energy is ∼570 K)
is too high compared to the thermal energy available in the re-
gions where the neutral sulfur abundance peaks (Tk  30 K) and
no detectable emission is expected. In fact, no Spitzer/IRS line
detection has been reported in the Horsehead (L. Verstraete, pri-
vate com.). However, since most of the neutral atomic sulfur
will remain in the ground-state, the presence of a background
IR source (e.g. in face-on PDRs) may allow, with enough spec-
tral resolution and continuum sensitivity, the detection of the
[S i]25 µm line in absorption.
On the other hand, sulfur in diﬀuse ionized gas outside the
molecular cloud is in the form of sulfur ions. Mid-IR [S iii]
fine structure lines have been detected around the Horsehead
with IRS/Spitzer (L. Verstraete, private com.). In the shielded
gas, sulfur is mostly locked in S-bearing molecules together
with a smaller fraction in atomic form. Our models predict
that species such as SO will be particularly abundant. Jansen
et al. (1995) also noted that the low gas phase sulfur abundance
needed to explain the CS abundance in the Orion Bar PDR was
incompatible with the observed high H2S/CS ∼ 0.5 abundance
ratio. Therefore, a complete understanding of the sulfur chem-
istry will only be achieved when all the major sulfur molecules
can be explained. In a forthcoming paper we analyse the photo-
chemistry, excitation and radiative transfer of several S-bearing
molecules detected by us in the Horsehead PDR.
7. Summary and conclusion
We have presented interferometric maps of the Horsehead PDR
in the CS J = 2–1 line at a 3.65′′ × 3.34′′ resolution together with
single-dish observations of several rotational lines of CS, C34S
and HCS+. We have studied the CS photochemistry, excitation
and radiative transfer using the latest HCS+ and OCS+ dissocia-
tive recombination rates (Montaigne et al. 2005) and CS colli-
sional cross-sections (Lique et al. 2006). The main conclusions
of this work are as follows:
1. CS and C34S rotational line emission reveals mean densities
around n(H2) = (0.5–1.0) × 105 cm−3. The CS J = 5–4 lines
show narrower line widths than the low-J CS lines and re-
quire higher density gas components, ∼(2–6) × 105 cm−3,
not resolved by a ∼10′′ beam. These values are larger than
previous estimates based on CO observations. It is likely that
clumpiness at scales below ∼0.01 pc and/or a low density en-
velope play a role in the CS line profile formation.
2. Nonlocal, non-LTE radiative transfer models of optically
thick CS lines and optically thin C34S lines provide an accu-
rate determination of the CS abundance, χ(CS) = (7 ± 3) ×
10−9. We show that radiative transfer and opacity eﬀects play
a role in the resulting CS line profiles but not in C34S lines.
Assuming the same physical conditions for the HCS+ molec-
ular ion, we find χ(HCS+) = (4 ± 2) × 10−11.
3. According to photochemical models, the gas phase sulfur
abundance required to reproduce these CS and HCS+ abun-
dances is S/H = (3.5 ± 1.5) × 10−6, only a factor ∼4 less
abundant than the solar elemental abundance. Larger sulfur
abundances are possible if the gas is significantly warmer.
Thus, the sulfur abundance in the PDR is very close to the
undepleted value observed in the diﬀuse ISM. The predicted
CS/HCS+ abundance ratio is close to the observed value
of ∼175, especially if predicted HCS+ peak abundances are
considered. If not, the HCS+ production is underestimated
unless the gas is in a higher ionization phase, e.g. if the cos-
mic ray ionization rate is increased by ∼5.
4. High angular resolution PdBI maps reveal that the CS emis-
sion does not follow the same morphology shown by the
small hydrocarbons emission in the PDR edge. In combina-
tion with previous PdBI C18O observations we have modeled
the PDR edge and confirmed that a steep density gradient
is needed to reproduce CS and C18O observations. The re-
sulting density profile qualitatively agrees to that predicted
in numerical simulations of a shock front compressing the
PDR edge to high densities, n(H2)  105 cm−3, and high ther-
mal pressures, (5–10) × 106 K cm−3.
5. Conventional PDR heating and cooling mechanisms fail to
reproduce the temperature of the warm gas observed in the
region by at least a factor ∼2. Additional mechanical heat-
ing mechanisms associated with the gas dynamics may be
needed to account for the warm gas. The thermal structure
of the PDR edge is still not fully constrained from observa-
tions. This fact adds uncertainty to the abundances predicted
by photochemical models.
We have shown that many physical and chemical variations in
the PDR edge occur at small angular scales. In addition, the
molecular inventory as a function of the distance from the illu-
minating source can only be obtained from millimeter interfer-
ometric observations. High angular resolution observations con-
tain detailed information about density, temperature, abundance
and structure of the cloud, but only detailed radiative transfer and
photochemical models for each given source are able to extract
the information. A minimum description of the source geometry
is usually needed. Future observations with ALMA will allow
us to characterize in much more details many energetic surfaces
such as PDRs.
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Appendix A: Nonlocal, non-LTE radiative transfer
Radiative transfer in a medium dominated by gas phase
molecules and dust grains requires the solution of the radiative
transport (RT) equation for the radiation field together with the
equations governing the relative level populations of the consid-
ered species. In the case of rotational line emission (far-IR to mm
domain), scattering from dust grains can be usually neglected
from the RT equation and steady state statistical equilibrium can
be assumed for molecular populations. However, physical condi-
tions in ISM clouds are such that molecular excitation is usually
far from LTE. Therefore, a minimum treatment of the nonlocal
coupling between line+continuum radiation and level popula-
tions is required. In this appendix we describe in more detail the
simple model developed for this work.
A.1. Monte Carlo methodology for gas and dust radiative
transfer in plane-parallel geometry
The Monte Carlo methodology or its modifications is a simple
and widely adopted approach when one has to deal with moder-
ately thick lines and flexibility to explore diﬀerent geometries is
required (see van Zadelhoﬀ et al. 2002, and references therein).
In this work, the classical description of the Monte Carlo ap-
proach for non-LTE line transfer (Bernes 1979) has been ex-
tended to include the dust emission/absorption and their eﬀect
on the source function. The code was originally developed in for-
tran90 for spherical symmetry (Goicoechea 2003) and has been
enlarged to semi-infinite plane-parallel geometry (from face- to
edge-on). Thus, numerical discretization is transformed from
spherical shells to slabs. The model includes illumination from
the cosmic background at both surfaces.
The variation of the radiation field intensity along any photon
path s is related to the emission and absorption properties of the
medium (scattering neglected) through
dIν
ds = jν − ανIν (A.1)
where αν [cm−1] and jν [erg s−1 cm−3 Hz−1 sr−1] are the to-
tal (gas+dust) absorption and emissivity coeﬃcients at a given
frequency ν. The normal path to any plane-parallel slab is thus
dz = µ ds, with µ = cos θ and where θ is the angle between z
and s (see Fig. A.1). Equation (A.1) is thus written as
µ
dIν
dτ = S ν − Iν (A.2)
where the diﬀerential optical depth is given by gas and dust con-
tributions, dτ = αν dz, and S ν = jν/αν is referred to as the source
function. Continuum emissivity from dust is assumed to be ther-
mal and given by
j dustν = α dustν Bν(Td) (A.3)
where Bν is the Planck function at a given dust temperature,
Td, and α dustν is computed from any of the dust mass absorp-
tion cross-sections available in the literature (e.g. Draine & Lee
1984; Ossenkopf & Henning 1994). For practical purposes, the
dust absorption coeﬃcient is assumed to be constant in all the
passband around each line frequency. Hence, the number of dust
continuum photons emitted per second in a given cell of mate-
rial is (4π/hc) j dustν Vm ∆v where Vm is the cell volume and ∆v the
considered passband in velocity units. Although the inclusion of
dust almost does not aﬀect molecular excitation in our work, it
is included for consistency and for making predictions of higher
frequency lines where it has larger eﬀects.
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Fig. A.1. Plane-parallel geometry for a cloud isotropically illuminated
by the cosmic microwave background at both surfaces.
Molecular lines occur at discrete frequencies, νi j, where i
and j refer to upper and lower energy levels with ni and n j
[cm−3] populations respectively. Gas emission and absorption
coeﬃcients, as a function of velocity, are defined as
j gasν = hc4π ni Ai j φ ; α
gas
ν =
hc
4π
(n j B ji − ni Bi j) φ (A.4)
where B ji, Bi j, and Ai j are the transition probabilities, or Einstein
coeﬃcients, for absorption, and for induced and spontaneous
emission respectively. We have assumed the same line Doppler
profile (in velocity units) for emission and absorption
φ =
1
b
√
π
exp
(
−u + uf · sb
)2
(A.5)
and thus considered Gaussian Doppler microturbulent and ther-
mal broadening characterized by the broadening parameter b2 =
v2turb + v
2
th. Note that any arbitrary velocity field uf can be in-
cluded. Here we take the possibility of having a velocity field
normal to the slabs, i.e. uf = vf (z).
Generally speaking, the relative level populations of a con-
sidered molecule m are determined by collisions with other
molecules, and/or by radiative eﬀects caused by the cosmic
background and/or by the dust continuum emission. The partic-
ular physical conditions, type of molecule and spectral domain
will determine the dominant processes through the steady state
statistical equilibrium equations
ni
∑
ji
[Ri j +Ci j] =
∑
ji
n j[R ji +C ji] ; ntot =
rot levels∑
J=1
nJ (A.6)
where Ci j and Ri j [s−1] are the collisional and radiative transition
rates between i and j levels. For the collisional rates of species m
(CS, C34S, C18O and HCS+) we have considered
Ci j = γmi j (H2) n(H2) + γmi j (He) n(He) + γmi j (H) n(H) (A.7)
where γmi j [cm3 s−1] are the temperature dependent collisional
de-excitation rate coeﬃcients of m with collisional partners H2
or He. If unknown, excitation rate coeﬃcients are computed
through detailed balance. For consistency with the PDR mod-
eling we have estimated the collisional rates with H atoms (sim-
ply by scaling from the He rates), since H may be the dominant
partner in the diﬀuse regions. Radiative rates are
Ri j = Ai j + Bi j ¯Ji j ; R ji = B ji ¯J ji (A.8)
where ¯Ji j is the intensity of the radiation field integrated over
solid angles and over the line profile. External illumination by
cosmic background, dust continuum emission and line photons
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Fig. A.2. Thermalization tests for a plane-parallel cloud illuminated by the cosmic background at both surfaces (z/zmax = 0,1).
from diﬀerent spatial regions contribute to ¯Ji j. Hence, the so-
lution of molecular excitation implicitly depends on the non-
local radiation field, which obviously depends on level popu-
lations in many cloud points. ¯Ji j is explicitly computed in the
Monte Carlo approach, and thus, the RT-excitation problem is
solved iteratively until desired convergence in some physical pa-
rameter (generally the level populations) is achieved. LTE level
populations at a constant fictitious Tex were used for the first it-
eration. In the case of CS modeling, Trot from the observational
rotational-diagrams (Fig. 5) was used.
The RT problem is then simulated by the emission of a de-
termined number of model photons (both sides external illumi-
nation, continuum and line photons) in a similar way to that
originally described by Bernes (1979). Model photons represent
a large quantity of real photons randomly distributed over the
line profile A.5 and emitted at random cloud positions and di-
rections. Each model photon is followed through the diﬀerent
slabs until it escapes the cloud or until the number of represented
real photons become insignificant. Note that the angle θ between
the photon direction and the normal to the slabs remains con-
stant in all the photon path. In spherical geometry the θ angle
between the photon direction and the radial direction changes
in each photon step and thus has to be computed repeatedly.
In addition, model photons sent in the cos θ  0 direction in
semi-infinite plane-parallel geometry will almost never escape
the cloud. Thus, a minimum number of represented real pho-
tons is defined otherwise the photon is not followed anymore.
In this way, the Monte Carlo simulation explicitly computes the
induced emissions caused by the diﬀerent types of model pho-
tons in all the slabs. At the end of the simulation, an averaged
value for the Bi j ¯Ji j that independently accounts for external il-
lumination, continuum emission and line emission is stored for
every slab (∑ S i j,m in Bernes formalism). Populations are then
obtained in each slab by solving:
ni
∑
ji
[
Ai j +
∑
S i j,m + Ci j
]
=
∑
ji
n j
[
gi
g j
∑
S i j,m +C ji
]
. (A.9)
A reference field for all types of model photons was included to
reduce the inherent random fluctuations (i.e. the variance) of any
Monte Carlo simulation (see Bernes 1979, for details). When
a prescribed convergence in level the populations is reached, the
total (gas+dust) source function is completely determined and
the emergent intensity can be easily computed by integrating
Eq. (A.2).
For spherical geometry, the code was successfully bench-
marked against two test problems, the Bernes’ CO cloud (Bernes
1979) and the HCO+ collapsing cloud, problem 2a of the 1999
Leiden benchmark (van Zadelhoﬀ et al. 2002). In the case
of plane-parallel geometry, several thermalization tests for the
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Fig. A.3. Adopted geometry for a plane-parallel PDR inclined by
an small angle ϕ relative to the line of sight s. In this sketch, z denotes
the normal direction to the slabs and also the UV illumination direction.
CS excitation (without dust emission) were successfully per-
formed. Excitation temperatures as a function of the normal co-
ordinate to slabs z are shown for CS J = 1–0, 2–1, 3–2 and
5–4 transitions in Fig. A.2. Model parameters are Tk = 20 K,
n(H2) = 105 cm−3 and χ(CS) = 7 × 10−9. Diﬀerent excitation
conditions are considered. Upper model: Ai j/Ci j = 0 and Tex
is correctly thermalized to Tkin (LTE). Middle model: colli-
sional rates from Lique et al. (filled squares; 2006) and Turner
et al. (empty circles; 1992) and resulting non-LTE excitation
(see Sect. 5.1). As noted by Lique et al., their new collisional
rates produce larger excitation temperatures, especially as J in-
creases. For the Horsehead physical conditions this implies that
the estimated densities and/or abundances with Turner et al. col-
lisional rates are ∼10% larger. Lower model: collisional excita-
tion neglected and Tex is radiatively thermalized to the cosmic
background temperature at Tbg = 2.7 K.
A.2. A model for an edge-on cloud with inclination
In order to benchmark the spatial distribution of the PDR code
abundance predictions with our interferometric line observa-
tions, we now can use the simple model described above to com-
pute the synthetic spectrum of a required molecule. To do that,
the PDR code output was used as an input for the RT calculation.
In particular, the density profile (both n(H2) and n(H)), temper-
ature profile (both Tk and Td) and species abundance are care-
fully interpolated from the PDR spatial grid output. In practice,
the slab discretization for the RT calculation has to be precise
enough to sample the abundance, density and temperature varia-
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tions at the edge of the PDR (where most of the changes occur).
In most RT computations, ∼50 slabs were judged to give sat-
isfactory sampling of the PDR variations. For an edge-on con-
figuration, after a Monte Carlo simulation, RT Eq. (A.2) was
integrated in a grid of diﬀerent lines of sight (similar to im-
pact parameters in spherical geometry) as depicted in Fig. A.3.
Lines of sight can be inclined by an angle ϕ respect to the slabs
normal (ds = dz/ sin ϕ). Therefore, the maximum integration
path is ldepth/ cos ϕ where ldepth is the assumed cloud spatial
depth. To produce a synthetic map, results are then convolved
in a grid of cloud points with an angular resolution character-
ized by a Gaussian with hpbw equal to that of the synthesized
interferometric beam.
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ABSTRACT
Context. Deuterium fractionation is known to enhance the [DCO+]/[HCO+] abundance ratio over the D/H ∼ 10−5 elemental ratio in
the cold and dense gas typically found in pre-stellar cores.
Aims. We report the first detection and mapping of very bright DCO+ J = 3−2 and J = 2−1 lines (3 and 4 K respectively) towards
the Horsehead photodissociation region (PDR) observed with the IRAM-30 m telescope. The DCO+ emission peaks close to the
illuminated warm edge of the nebula (<50′′ or ∼0.1 pc away).
Methods. Detailed nonlocal, non-LTE excitation and radiative transfer analyses have been used to determine the prevailing physical
conditions and to estimate the DCO+ and H13CO+ abundances from their line intensities.
Results. A large [DCO+]/[HCO+] abundance ratio (≥0.02) is inferred at the DCO+ emission peak, a condensation shielded from the
illuminating far-UV radiation field where the gas must be cold (10–20 K) and dense (≥2 × 105 cm−3). DCO+ is not detected in the
warmer photodissociation front, implying a lower [DCO+]/[HCO+] ratio (<10−3).
Conclusions. According to our gas phase chemical predictions, such a high deuterium fractionation of HCO+ can only be explained
if the gas temperature is below 20 K, in good agreement with DCO+ excitation calculations.
Key words. ISM: clouds – ISM: molecules – ISM: individual objects: Horsehead nebula – radio lines: ISM
Molecules are enriched in deuterium over the elemen-
tal D/H abundance (1−2 × 10−5, Linsky et al. 2006) in
many diﬀerent astrophysical environments. These include cold,
dense cores (Guelin et al. 1982), mid-planes of circumstellar
disks (van Dishoeck et al. 2003; Guilloteau et al. 2006), hot
molecular cores (Hatchell et al. 1998), and even PDRs (Leurini
et al. 2006). Multiply deuterated species were first detected sev-
eral years ago, e.g. D2CO in warm gas (Turner 1990) and NHD2
in cold gas (Roueﬀ et al. 2000). Solomon & Woolf (1973)
and Watson (1974) first proposed that deuterium fractionation is
mostly caused by gas-phase ion-molecule reactions. Smith et al.
(1982) and Roberts & Millar (2000a) confirmed that the deuter-
ation of H+3 at low temperatures (<25 K) and of CH+3 at higher
temperatures (up to ∼70 K) are important precursor reactions in
the subsequent deuteration of other species. Roberts & Millar
(2000b), Walmsley et al. (2004) and Flower et al. (2006) suc-
ceeded in reproducing the amount of several multiply deuterated
molecules in cold gas by adding to pure gas-phase chemistry the
accretion (freeze-out) of gas-phase molecules onto the surfaces
of dust grains. Finally the observed deuterium fractionation in
hot cores is thought to result from the liberation of deuterated
molecules, trapped in ice mantles in the prestellar phase.
Although it has been studied thoroughly for 30 years,
deuterium chemistry is not yet fully understood. With many
 Based on observations obtained with the IRAM Plateau de Bure
interferometer and 30 m telescope. IRAM is supported by INSU/CNRS
(France), MPG (Germany), and IGN (Spain).
chemical and physical processes competing for eﬃcient frac-
tionation, models are easier to compare with observations for
sources with well described physical conditions. In this let-
ter, we report the detection of very bright DCO+ lines in the
Horsehead edge. In particular, the mane of the Horsehead nebula
is a PDR viewed nearly edge-on (inclination<5◦) illuminated by
the O9.5V star σOri (Abergel et al. 2003; Philipp et al. 2006).
Habart et al. (2005) showed that the PDR has a very steep gra-
dient, rising to nH ∼ 2 × 105 cm−3 in less than 10′′ or 0.02 pc,
at a roughly constant thermal pressure of ∼4 × 106 K cm−3. The
newly detected DCO+ lines arise from a condensation adjacent
to the PDR, first detected by Hily-Blant et al. (2005). According
to its submillimeter continuum emission, this core (B33-SMM1)
is 0.13×0.31 pc long and has an average H2 density of∼104 cm−3
and a peak density of ∼6 × 105 cm−3 (Ward-Thompson et al.
2006).
1. Observations and data reduction
The DCO+ J = 3−2 line was observed during 2 h of excel-
lent winter weather (∼0.7 mm of water vapor) using the first
polarization (i.e. nine of the eighteen available pixels) of the
IRAM-30 m/HERA single sideband multi-beam receiver. We
used the frequency-switched, on-the-fly observing mode. We ob-
served along and perpendicular to the direction of the exciting
star in zigzags (i.e. ± the lambda and beta scanning direction).
The multi-beam system was rotated by 9.6◦ with respect to the
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Table 1. Observation parameters. The projection center of all the data is α2000 = 05h40m54.27s, δ2000 = −02◦28′00′′.
Molecule Transition Frequency Instrument # Pix.a Feﬀ a Beﬀa Resol. Resol. Int. Timea,b Noisec Obs. datea
GHz arcsec km s−1 hours K
H13CO+ J = 3−2 260.255339 30 m/HERA 9 0.90 0.46 13.5′′ 0.20 5.9/11.3 0.06 Mar. 2006
H13CO+ J = 1−0 86.754288 30 m+PdBI 2 0.95 0.78 6.7′′ 0.20 2.6/4.5 0.10 Sep. 2006
DCO+ J = 3−2 216.112582 30 m/HERA 9 0.90 0.52 11.4′′ 0.11 1.5/2.0 0.10 Mar. 2006
DCO+ J = 2−1 144.077289 30 m/CD150 2 0.93 0.69 18.0′′ 0.08 5.9/8.7 0.18 Sep. 2006
C18O J = 2−1 219.560319 30 m/HERA 9 0.91 0.55 11.2′′ 0.11 – 0.26 May 2003
Continuum at 1.2 mm 30 m/MAMBO 117 – – 11.7′′ – – – –
a Those columns apply to the 30 m data but not to the PdBI data for the H13CO+ J = 1−0 line. b Two values are given for the integration time: the
on-source time and the telescope time. c Noise values estimated at the position of the DCO+ peak.
scanning direction. This ensured Nyquist sampling between the
rows except at the edges of the map. The DCO+ J = 2−1 was ob-
served during 11.3 h using the C150 and D150 single-side band
receivers of the IRAM-30 m under ∼8.5 mm of water vapor. We
used the frequency-switched, on-the-fly observing mode over a
160′′ × 170′′ portion of the sky. Scanned lines and rows were
separated by 8′′ ensuring Nyquist sampling. A detailed descrip-
tion of the C18O J = 2−1 and 1.2 mm continuum observations
and data reductions can be found in Hily-Blant et al. (2005). We
estimate the absolute position accuracy to be 3′′.
We also use a small part of the H13CO+ (J = 1−0 and
J = 3−2) data, which were obtained with the IRAM PdBI
and 30 m telescopes. The whole data set will be comprehensively
described in a forthcoming paper studying the fractional ioniza-
tion across the Horsehead edge (Hily-Blant et al. 2007, in prep.).
In short, the H13CO+ J = 3−2 line was observed under averaged
winter weather (∼3.5 mm of water vapor) in rasters along the
direction of the exciting star using the first polarization of the
unrotated HERA. Each pointing of the rasters was observed in
frequency-switched mode. This resulted in a 140′′ × 75′′ map,
Nyquist sampled along the direction of the exciting star but
slightly undersampled in the orthogonal direction (i.e. rows sep-
arated by 6′′ instead of 4.75′′). The noise increases quickly at
the map edges which were seen only by a fraction of the HERA
pixels. We finally used a frequency-switched, on-the-fly map of
the H13CO+ J = 1−0 line, obtained at the IRAM-30 m using
the A100 and B100 3 mm receivers (∼7 mm of water vapor) to
produce the short-spacings needed to complement a 7-field mo-
saic acquired with the 6 PdBI antennae in the CD configuration
(baseline lengths from 24 to 176 m).
The data processing was done with the GILDAS1 soft-
wares (Pety 2005). The IRAM-30 m data were first calibrated
to the T ∗A scale using the chopper wheel method (Penzias &
Burrus 1973), and finally converted to main beam tempera-
tures (Tmb) using the forward and main beam eﬃciencies (Feﬀ
and Beﬀ) displayed in Table 1. The resulting amplitude accu-
racy is ∼10%. Frequency-switched spectra were folded using the
standard shift-and-add method, after baseline subtraction. The
resulting spectra were finally gridded through convolution by a
Gaussian.
2. Results and discussion
Figure 1 presents the DCO+ J = 2−1 and J = 3−2 and the
C18O J = 2−1 integrated intensity maps, together with 1.2 mm
continuum emission. All maps are presented in a coordinate sys-
tem adapted to the source geometry, as described in the figure
1 See http://www.iram.fr/IRAMFR/GILDAS for more informa-
tion about the GILDAS softwares.
Fig. 1. IRAM-30 m integrated intensity maps. Maps have been rotated
by 14◦ counter-clockwise around the projection center, shown as the
green cross at (δx, δy) = (20′′ , 0′′), to bring the exciting star direction in
the horizontal direction and the horizontal zero has been set at the PDR
edge, delineated by the dashed blue vertical line. The spatial resolution
is plotted in the bottom left corner. Values of contour levels are shown
on each image lookup table. The emission of all lines is integrated be-
tween 10.1 and 11.1 km s−1.
caption. The DCO+ emission is concentrated in a narrow, arc-
like structure, delineating the left edge of the dust continuum
emission. A second maximum is found at the extreme left of the
map, associated with a smaller dust continuum peak. Figure 2
shows the H13CO+ and DCO+ spectra in a cut along the direction
of the exciting star at δy = 15′′ (horizontal dashed line of Fig. 1).
This cut intersects the DCO+ emission peak which is close to the
illuminated edge of the nebula (<50′′ or ∼0.1 pc). To our knowl-
edge, this is the brightest DCO+ emission (4 K) detected in an in-
terstellar cloud close to a bright H2/PAH emitting region (Habart
et al. 2005; Pety et al. 2005). The 15′′ spatial shift between the
DCO+ and C18O/continuum emission peaks likely results from
the steep thermal gradient. The region where the DCO+ emis-
sion is produced, is probably cooler than the region where the
C18O lines and 1.2 mm continuum emission peak, i.e. cooler
than 30 K, the minimum temperature needed to explain the in-
tensity of the C18O J = 2−1 lines in the cloud edge (Goicoechea
et al. 2006).
In order to constrain the [DCO+]/[HCO+] abundance2 ratio
from the observed line emission, we assumed that both species
2 [DCO+] = n(DCO+)/n(H2).
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Fig. 2. Cut along the direction of the exciting star at δy = 15′′ .
coexist within the same gas (implying the same physical condi-
tions). This assumption is mainly justified by the spatial coin-
cidence of the H13CO+ and DCO+ emission peaks (i.e. where
Tmb {DCO+(2 − 1)} /Tmb
{
H13CO+(1 − 0)
}
 1). Besides, we
used the H13CO+ lines to determine the line-of-sight HCO+ col-
umn density. Indeed, the direct determination of the HCO+ col-
umn density from its rotational line emission is hampered by the
large HCO+ line opacities and their propensity to suﬀer from
self-absorption and line scattering eﬀects (Cernicharo & Guelin
1987). In addition, large critical densities for HCO+ (and its iso-
topologues) are expected even for the lowest-J transitions due
to its high dipole moment: ∼4 D (Table 2). Hence, thermal-
ization will only occur at very high densities. For lower den-
sities, n < ncrit, subthermal excitation dominates as J increases.
Therefore, in order to accurately determine the mean physical
conditions and the [DCO+]/[H13CO+] ratio at the DCO+ peak,
we have used a nonlocal, non-LTE radiative transfer code includ-
ing line trapping, collisional excitation and radiative excitation
by cosmic background photons (Goicoechea 2003; Goicoechea
et al. 2006). Collisional rates of H13CO+ and DCO+ with H2
and He have been derived from the HCO+–H2 rates of Flower
(1999).
Assuming a maximum extinction depth of AV  50 along the
line-of-sight where DCO+ peaks (Ward-Thompson et al. 2006),
the observed DCO+ J = 2−1 and J = 3−2 line intensities are
well reproduced (with line opacities ∼1.5) only if the gas is cold
(10−20 K) and dense (n(H2) ≥ 2 × 105 cm−3). This high density
is consistent with the one required to reproduce the CS J = 5−4
excitation (Goicoechea et al. 2006) and with the value derived
from dust submm continuum emission (Ward-Thompson et al.
2006). The weakness of the H13CO+ J = 3−2 line compared to
the DCO+ J = 3−2 line is caused in part by its larger Einstein
coeﬃcient (a factor ∼1.7 larger) and its higher energy level
(see Table 2). This implies that the H13CO+ J = 3−2 line is
more subthermally excited than the analogous DCO+ line for
the derived densities and temperatures. Note that we have not
included collisions with electrons in this excitation analysis. In
fact, the expected ionization fraction in such a cold and dense
Table 2. Einstein coeﬃcients, upper level energies and critical densities
for the range of temperatures considered in this work.
Molecule Transition Ai j Eup ncrit
(s−1) (K) (cm−3)
H13CO+ J = 1−0 3.9 × 10−5 4.2 ∼2 × 105
H13CO+ J = 3−2 1.3 × 10−3 25.0 ∼3 × 106
DCO+ J = 2−1 2.1 × 10−4 10.4 ∼6 × 105
DCO+ J = 3−2 7.7 × 10−4 20.7 ∼2 × 106
condensation is usually low, <10−7 (Caselli et al. 1999).
The derived DCO+ and H13CO+ column densities toward
the DCO+ peak are (0.5−1) × 1013 cm−2 (i.e., [DCO+] 
[H13CO+]  (1−2) × 10−10). Assuming a 12C/13C= 60 isotopic
ratio (Milam et al. 2005), we finally find a [DCO+]/[HCO+] ≥
0.02 abundance ratio.
In order to understand the observed deuterium fractionation
in the dense gas close to the Horsehead PDR, we have mod-
eled the steady state deuterium gas phase chemistry in a cloud
with a proton density nH = n(H) + 2n(H2) = 4 × 105 cm−3 il-
luminated by a far-UV field 60 times the mean interstellar radi-
ation field. We used the Meudon PDR code3, a photochemical
model of a unidimensional PDR (see Le Bourlot et al. 1993;
Le Petit et al. 2006, for a detailed description) and its associated
chemical reaction network. As this network only includes singly
deuterated species, we added the D2 and HD+2 species and asso-
ciated reactions from Flower et al. (2006). Nevertheless, these
additional reactions do not aﬀect much the predicted DCO+
abundances. Only H2, HD and D2 form on grain surfaces be-
cause the used chemical network allows only H and D atoms
to accrete onto dust grains. We chose the following gas phase
abundances: D/H= 1.6 × 10−5, He/H= 0.1, O/H = 3 × 10−4,
C/H = 1.4 × 10−4, N/H = 8 × 10−5, N/H = 8 × 10−5,
S/H = 3.5 × 10−6 (Goicoechea et al. 2006), Si/H = 1.7 × 10−8,
Na/H = 2.3 × 10−9 and Fe/H = 1.7 × 10−9.
We first investigated the role of gas thermodynamics in
the HCO+ deuterium fractionation. To do this, we stopped to
solve the thermal balance when the far-UV absorption was large
enough so that the temperature reaches a minimum value that
we kept constant in the most shielded regions of the PDR.
Figure 3 shows the predicted temperature profiles as well as
the [H2D+]/[H+3 ] and [DCO+]/[HCO+] abundance ratios as a
function of the cloud depth for a minimum value of Tk = 15,
20, 30 and 60 K. The predicted [DCO+]/[HCO+] ratio scales
with the [H2D+]/[H+3 ] ratio, as expected when DCO+ gets frac-
tionated by the reaction of CO with H2D+ and mainly de-
stroyed by dissociative recombination with electrons (see e.g.
Guelin et al. 1982). The displayed models also imply that low
gas temperatures (≤20 K) are needed to reproduce the observed
[DCO+]/[HCO+] ratio at δx = 40−45′′ (AV ∼ 10−20 depend-
ing on the assumed density profile). This is easily understood
because the exchange reaction between H+3 and HD is most ef-
ficient at low temperatures (Gerlich et al. 2002). Therefore, the
observed [DCO+]/[HCO+] ≥ 0.02 abundance ratio can be repro-
duced using gas phase chemistry only if the gas cools down from
the photodissociation front to ≤20 K, in good agreement with the
DCO+ excitation calculations. Note, however, that CO freeze-
out is believed to further enhance the [DCO+]/[HCO+] ratio over
the values predicted by pure gas phase fractionation by increas-
ing the abundance of H+3 and H2D+ (Brown & Millar 1989;
3 Publicly available at http://aristote.obspm.fr/MIS/
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Fig. 3. Chemical models for diﬀerent minimum gas temperatures: 15,
20, 30 and 60 K. The density is nH = 4 × 105 cm−3 and the illumi-
nating radiation field is χ = 60. Temperature profiles and predicted
[H2D+]/[H+3 ] and [DCO+]/[HCO+] abundance ratios are shown as a
function of AV. The [DCO+]/[HCO+] ratios inferred from observations
in the cold condensation at δx ∼ 40−45′′ and in the warm PDR gas at
δx ∼ 10−15′′ are shown respectively with the blue and red arrows.
Caselli et al. 1999). The C18O J = 2−1 emission shown in Fig. 2
substantially decreases at the DCO+ peak. This behavior is rem-
iniscent of CO depletion but it could also come from a com-
bination of lower excitation and of opacity eﬀects. Future ob-
servations of molecular tracers of gas depletion are needed to
constrain the dominant scenario.
The DCO+ lines stay undetected in the warm gas where
HCO+ (not shown here) and H13CO+ still emit. Indeed, DCO+
can not be abundant in the photodissociation front, where the
large photoelectric heating rate implies warm temperatures
(Tk > 50 K), because the reaction of H2D+ with H2 dom-
inates and implies a low H2D+ abundance ([H2D+]/[H+3 ] 
2 × 10−4). From the upper limit of the DCO+ emission at
δx = 10−15′′ (AV ∼ 1), we estimate a low abundance ratio
[DCO+]/[HCO+] < 10−3 in the far-UV photodominated gas, in
agreement with the model predictions.
The small distance to the Horsehead nebula (∼400 pc),
its low FUV illumination and its high gas density imply that
many physical and chemical processes, with typical gradient
lengthscales ranging between 1′′ and 10′′, can be probed in a
small field-of-view (less than 50′′). The Horsehead edge thus
oﬀers the opportunity to study in great detail the transition from
the warmest gas, dominated by photodissociation processes and
photoelectric heating, to the coldest and shielded gas where
strong deuterium fractionation is taking place. Therefore, the
Horsehead edge is the kind of source needed to serve as a ref-
erence for PDR models (Pety et al. 2006) and oﬀers a realis-
tic template to analyze more complex galactic or extragalactic
sources.
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ABSTRACT
Context. The ionization fraction (i.e., the electron abundance) plays a key role in the chemistry and dynamics of molecular clouds.
Aims. We study the H13CO+, DCO+ and HOC+ line emission towards the Horsehead, from the shielded core to the UV irradiated
cloud edge, i.e., the photodissociation region (PDR), as a template to investigate the ionization fraction gradient in molecular clouds.
Methods. We analyze an IRAM Plateau de Bure Interferometer map of the H13CO+ J = 1–0 line at a 6.8′′ × 4.7′′ resolution, comple-
mented with IRAM-30 m H13CO+ and DCO+ higher-J line maps and new HOC+ and CO+ observations. We compare self-consistently
the observed spatial distribution and line intensities with detailed depth-dependent predictions of a PDR model coupled with a non-
local radiative transfer calculation. The chemical network includes deuterated species, 13C fractionation reactions and HCO+/HOC+
isomerization reactions. The role of neutral and charged PAHs in the cloud chemistry and ionization balance is investigated.
Results. The detection of the HOC+ reactive ion towards the Horsehead PDR proves the high ionization fraction of the outer UV
irradiated regions, where we derive a low [HCO+]/[HOC+] ' 75–200 abundance ratio. In the absence of PAHs, we reproduce the
observations with gas-phase metal abundances, [Fe+Mg+...], lower than 4×10−9 (with respect to H), and a cosmic-ray ionization rate
of ζ = (5±3)×10−17 s−1. The inclusion of PAHs modifies the ionization fraction gradient and increases the required metal abundance.
Conclusions. The ionization fraction in the Horsehead edge follows a steep gradient, with a scale length of ∼0.05 pc (or ∼25′′), from
[e−] ' 10−4 (or ne ∼ 1–5 cm−3) in the PDR to a few times ∼10−9 in the core. PAH− anions play a role in the charge balance of the
cold and neutral gas if substantial amounts of free PAHs are present ([PAH] > 10−8).
Key words. astrochemistry – ISM: clouds – radiative transfer – radio lines: ISM – ISM: molecules – ISM: abundances
1. Introduction
The electron abundance ([e−] = ne/nH) plays a fundamen-
tal role in the chemistry and dynamics of interstellar gas.
The degree of ionization determines the preponderance of ion-
neutral reactions, i.e., the main formation route for most chem-
ical species in molecular clouds (Herbst & Klemperer 1973;
Oppenheimer & Dalgarno 1974). In addition, the ionization
fraction constrains the coupling of matter and magnetic fields,
which drives the dissipation of turbulence and the transfer of an-
gular momentum, thus having crucial implications in protostellar
collapse and accretion disks (e.g., Balbus & Hawley 1991).
High-angular resolution observations of interstellar clouds
reveal steep density, temperature and turbulence gradients as
well as sharp chemical variations. Accordingly, the electron
? Based on observations obtained with the IRAM Plateau de Bure in-
terferometer and 30 m telescope. IRAM is supported by INSU/CNRS
(France), MPG (Germany), and IGN (Spain).
abundance should vary within a cloud depending on the relative
ionizing sources and prevailing chemistry.
Rotational line emission of molecular ions such as DCO+
and HCO+ have been traditionally used to estimate the
ionization fraction in molecular clouds because (i) they
are abundant and easily observable; (ii) dissociative recom-
bination is their main destruction route, and thus their
abundances are roughly inversely proportional to the elec-
tron abundance (e.g., Guélin et al. 1982; Wootten et al. 1982;
de Boisanger et al. 1996; Williams et al. 1998; Caselli et al.
1998; Maret & Bergin 2007; Hezareh et al. 2008). On the other
hand, the presence of reactive ions (species such as HOC+ or
CO+ that react rapidly with H2) is predicted to be a sensitive
indicator of high ionization fraction regions, e.g., the UV irradi-
ated cloud surfaces (e.g., Smith et al. 2002; Fuente et al. 2003).
In order to constrain the ionization fraction gradient from
models, the cloud chemistry and physics cannot be simplified
much because the charge balance depends on parameters such
Article published by EDP Sciences
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Table 1. Observation parameters of the PdBI maps shown in Fig. 1.
Molecule Transition Frequency Instrument Config. Beam PA Vel. Resol. Int. Timea Tsys Noiseb,† Obs. date
GHz arcsec ◦ km s−1 hours K K
H13CO+ 1–0 86.754288 PdBI C & D 6.8 × 4.7 13 0.2 6.5 150 0.10 2006-07
HCO 10,1 3/2, 2–00,0 1/2, 1 86.670760 PdBI C & D 6.7 × 4.4 16 0.2 6.5 150 0.09 2006-07
a We observed a 7-field mosaic centered on the IR peak at α2000 = 05h40m54.27s, δ2000 = −02◦28′00′′ (Abergel et al. 2003) with the following
oﬀsets: (−5.5′′, −22.0′′), (5.5′′, −22.0′′), (11.0′′, 0.0′′), (0.0′′, 0.0′′), (−11.0′′, 0.0′′), (−5.5′′, 22.0′′) and (5.5′′, 22.0′′). The total field-of-view is
80.1′′ × 102.1′′ and the half power primary beam is 58.1′′ . The mosaic was Nyquist sampled in declination at 3.4 mm and largely oversampled in
right ascension. This maximizes the field of view along the PDR edge while the oversampling in the perpendicular direction eases the deconvo-
lution. On-source time was computed as if the source was always observed with 6 antennae; b the noise values refer to the mosaic phase center
(mosaic noise is inhomogeneous due to primary beam correction; it steeply increases at the mosaic edges).
Table 2. Observation parameters of the IRAM-30 m observations.
Molecule Transition Frequency Instrument Feﬀ Beﬀ Resol. Resol. Int. Time Noise† Observing Obs. date
GHz arcsec km s−1 hours K Mode
HCO+ J = 1–0 89.188523 30 m/A100 0.95 0.78 27.6′′ 0.20 4.7 0.02 ON-OFF 2008
HOC+ J = 1–0 89.487414 30 m/A100 0.95 0.78 27.5′′ 0.20 4.7 0.02 ON-OFF 2008
CO+ 2, 5/2–1, 3/2 236.062578 30 m/A230 0.91 0.52 10.4′′ 0.20 4.7 0.05 ON-OFF 2008
H13CO+ J = 1–0 86.754288 30 m/AB100 0.95 0.78 28.4′′ 0.20 2.6 0.10 OTF map 2006-07
H13CO+ J = 3–2 260.255339 30 m/HERA 0.90 0.46 13.5′′ 0.20 5.9 0.06 OTF map 2006
DCO+ J = 2–1 144.077289 30 m/CD150 0.93 0.69 18.0′′ 0.08 5.9 0.18 OTF map 2006
DCO+ J = 3–2 216.112582 30 m/HERA 0.90 0.52 11.4′′ 0.11 1.5 0.10 OTF map 2006
† The noise (in Tmb scale) refers to the channel spacing obtained by averaging adjacent channels to the velocity resolution given in the tables.
as the penetration of UV radiation, the cosmic-ray ionization
rate (ζ) and the abundance of key species (e.g., metals and PAH).
Compared to other works, in this paper we determine the
ionization fraction gradient by direct comparison of H13CO+
and DCO+ high-angular resolution maps and HOC+ pointed ob-
servations, with detailed depth-dependent chemical and radia-
tive transfer models covering a broad range of cloud physical
conditions. Indeed, the observed field-of-view contains the fa-
mous Horsehead PDR (the UV illuminated edge of the cloud)
and a dense and cold core discovered by us from its intense
DCO+ line emission (Pety et al. 2007). Due to its simple geom-
etry and moderate distance (d ' 400 pc), the Horsehead PDR
and associated core are good templates to study the steep gradi-
ents expected in molecular clouds (e.g., Pety et al. 2005, 2007;
Goicoechea et al. 2006; Gerin et al. 2009).
The paper is organized as follows. The observations are pre-
sented in Sect. 2 and the models used to interpret them are de-
scribed in Sect. 3. The chemistry of H13CO+, DCO+ and HOC+
(our observational probes of the ionization fraction) is analyzed
in Sect. 4. In Sect. 5 we investigate the role of metals, PAHs
and ζ on the electron abundance determination. The main results
and constrains are presented in Sect. 6 and discussed in Sect. 7.
2. Observations
2.1. Observations and data reduction
Tables 1 and 2 summarize the observation parameters of the data
obtained with the PdBI and the IRAM–30 m telescope that we
shall study in this work. The H13CO+ J = 1–0 line emission map
was first presented in Gerin et al. (2009). Frequency-switched,
on-the-fly maps (OTF) obtained at the IRAM-30 m were used to
produce the short-spacings needed to complement a 7-field mo-
saic acquired with the 6 PdBI antennae in the CD configuration
(baseline lengths from 24 to 176 m). Correlator backends were
used (VESPA for IRAM-30 m observations). The high angular
resolution PdBI H13CO+J = 1–0 map complements our previ-
ous H13CO+J = 3–2 and DCO+ J = 2–1 and 3–2 maps taken
with the IRAM-30 m telescope and first presented in Pety et al.
(2007).
In this work we present new IRAM–30 m deeper integrations
in the HOC+, H13CO+and HCO+ J = 1–0 lines, and an upper
limit for the CO+ emission towards the PDR (defined here as
the HCO emission peak; Gerin et al. 2009). The position switch-
ing observing mode was used. The on-oﬀ cycle duration was
1 mn and the oﬀ-position oﬀsets were (Δα,Δδ) = (−100′′, 0′′),
i.e., the H ii region ionized by σOri and free of molecular gas
emission. Position accuracy is estimated to be ∼3′′ for the 30 m
data and better than 0.5′′ for the PdBI data. The data process-
ing was done with the GILDAS1 softwares (e.g., Pety 2005b).
The IRAM-30 m data were first calibrated to the T ∗A scale using
the chopper wheel method (Penzias & Burrus 1973), and finally
converted to main beam temperatures Tmb using the forward
and main beam eﬃciencies Feﬀ and Beﬀ displayed in Table 2
(e.g., Greve et al. 1998). The amplitude accuracy for heterodyne
observations with the IRAM–30 m telescope is ∼10%. PdBI data
and short-spacing data were merged before imaging and decon-
volution of the mosaic, using standard techniques of GILDAS and
used in our previous works (see e.g., Pety et al. 2005).
2.2. DCO+ and H13CO+ spatial distribution, HOC+ detection
Figure 1 shows H13CO+ J = 1–0, HCO 10,1-00,0 (PdBI) and
DCO+ J = 2–1, 3–2 integrated line intensity maps (IRAM-30 m;
Pety et al. 2007), as well as the aromatic infrared band emis-
sion (AIB, observed with ISOCAM, Abergel et al. 2003) that
traces the UV illuminated edge of the cloud, i.e., the PDR. The
DCO+ emission is concentrated in a narrow, arclike structure of
dense and cold gas behind the PDR (Pety et al. 2007). Hence,
it shows a very diﬀerent spatial distribution than the emission
of “PDR tracers” such as C2H, C4H, c-C3H2 (Pety et al. 2005),
HCO radicals (Gerin et al. 2009), vibrationally excited H2
(Habart et al. 2005) or the AIB emission (Compiègne et al.
2008). The H13CO+ J = 1–0 emission follows the DCO+
1 See http://www.iram.fr/IRAMFR/GILDAS
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Fig. 1. DCO+ J = 3–2 and 2–1 (IRAM-30 m; from Pety et al. 2007), H13CO+ J = 1–0 (PdBI) and 3–2 (IRAM-30 m) line integrated intensity
maps, aromatic infrared band emission (ISOCAM, from Abergel et al. 2003) and HCO (PdBI, from Gerin et al. 2009). Maps have been rotated
by 14◦ counter–clockwise around the projection center, located at (δx, δy) = (20′′, 0′′), to bring the illuminated star direction in the horizontal
direction. The horizontal zero has been set at the cloud edge (δx = 0′′). The H13CO+, DCO+ and HCO emission is integrated between 10.1 and
11.1 km s−1. Integrated intensities are expressed in the Tmb scale. Contour levels are displayed on the grey scale lookup tables. The red vertical
line shows the PDR edge and the green crosses shows two representative positions: the “shielded core” (the DCO+ emission peak at δx ∼ 45′′;
Pety et al. 2007) and the “PDR” (the HCO emission peak at δx ∼ 15′′; Gerin et al. 2009). The dashed blue line shows the horizontal cut analyzed
in this work.
distribution and it mostly delineates the dense core that coin-
cides with the DCO+ emission peak. Nevertheless, while DCO+
is not detected in the illuminated edge, H13CO+ does show a
faint emission in the PDR. Therefore, the small field-of-view
shown in Fig. 1 contains two diﬀerent environments: a warm
PDR and a cold core shielded from the external UV radiation
field. In the following sections we analyze these emission maps
to determine the ionization fraction gradient in the region.
Figure 2 shows long integration spectra of the HOC+,
H13CO+ and HCO+ J = 1–0 lines towards the PDR. This
is the first detection of the HOC+ reactive ion towards the
Horsehead, and adds to previous detections in interstellar en-
vironments with high electron abundances (Woods et al. 1983;
Ziurys & Apponi 1995; Fuente et al. 2003; Rizzo et al. 2003;
Savage & Ziurys 2004; Liszt et al. 2004). H12CO+ lines are op-
tically thick, as shown by the low H12CO+/H13CO+ J = 1–0 line
intensity ratio (∼7), much lower than the expected 12C/13C '
60 abundance ratio (Langer & Penzias 1990; Savage et al. 2002)
and references therein). The high opacity of H12CO+ lines even
towards the PDR justifies the use of H13CO+ lines as tracers of
the HCO+ abundance.
Table 3. Main spectroscopic parameters of the studied lines.
Species Transition Frequency Aij Eupp
Jupp−Jlow (GHz) (s−1) (K)
HCO+ 1–0 89.188523 4.2 × 10−5 4.3
HOC+ 1–0 89.487414 2.2 × 10−5 4.3
H13CO+ 1–0 86.754288 3.9 × 10−5 4.2
CO+ 2(5/2)–1(3/2) 236.062578 4.7 × 10−4 17.2
H13CO+ 3–2 260.255339 1.3 × 10−3 25.0
DCO+ 2–1 144.077289 2.1 × 10−4 10.4
DCO+ 3–2 216.112582 7.7 × 10−4 20.7
3. Analysis: models
In this work we couple the depth-dependent abundances pre-
dicted by a PDR model (for the varying physical conditions pre-
vailing in the Horsehead edge) with detailed excitation and ra-
diative transfer calculations adapted to the cloud geometry. This
technique allows us to analyze diﬀerent chemical models by di-
rect comparison with observed line intensities. This methodol-
ogy was introduced to study our interferometric CS and C18O
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Fig. 2. HOC+ and H13CO+ J = 1–0 lines towards the Horsehead PDR
(upper and middle panels) observed with the IRAM-30 m telescope.
Solid lines are radiative transfer models with Tk = 60 K, n(H2) =
5 × 104 cm−3, n(H) = 500 cm−3 and [e−] = 5 × 10−5. Three diﬀer-
ent abundances are shown, thick-grey line: [HOC+] = 4.0 × 10−12 and
[H13CO+]= 1.5× 10−11; red dashed line: abundances ×2; blue thin line:
abundances ÷2. For completeness, the HCO+ J = 1–0 line towards the
PDR is also shown (lower panel). This transition is very opaque, as
shown by the low H12CO+/H13CO+ J = 1–0 line intensity ratio (∼7).
The resulting line profile is thus broadened and it suﬀers from scattering
by low-density foreground gas that we do not model here.
maps of the Horsehead edge (Goicoechea et al. 2006). It enables
us to observationally benchmark the abundance gradients pre-
dicted by chemical models, even if it does not produce perfect
fits to line profiles in all cloud positions. In this paper, we analyze
a horizontal cut of the H13CO+ and DCO+ line emission along
the direction of the illuminating star (δy = 15′′). Figure 1 shows
that this cut (blue dashed line) goes across the DCO+ emission
peak (δx ∼ 45′′), which we identify as the “shielded core”, and
across the HCO emission peak, the “PDR” (δx ∼ 15′′).
3.1. Geometry and density gradient
The Horsehead edge has an almost edge-on geometry with a
line-of-sight depth of ldepth ' 0.1 pc (e.g., Habart et al. 2005)
and a spatial scale in the plane of the sky of '0.002 pc arcsec−1.
We determine the density profile from observations by fitting
the 1.2 mm dust continuum emission (IRAM-30 m/MAMBO)
along the δy = 15′′ direction (Hily-Blant et al. 2005). In this fit,
we adopt a dust opacity per unit (gas+dust) mass column den-
sity of κ1.2 = 0.003 cm2 g−1 at 1.2 mm (computed for “MRN
grains”: Mathis et al. 1977, see below), our best knowledge of
the dust grains temperature (from ∼15 K in the core to ∼30 K
in the PDR; e.g., Ward-Thompson et al. 2006) and a power-law
density profile nH(r) = n(H)+2n(H2) ∝ r−p, where r is the dis-
tance from the shielded core towards the illuminated edge of the
cloud. Best fits are obtained for a steep density gradient in the
cloud edge (p ' 3) and a flatter one towards the core (p ' 0.5).
The turnover point occurs at a core radius of r ' 0.04 pc (or
δx ' 23′′ in the maps). The resulting density gradient used in the
photochemical and radiative transfer models is shown in Fig. 4.
In the next sections we constrain the ionization fraction gradient
in the cloud by comparing synthetic and observed H13CO+ and
DCO+ spectra along the same cut.
3.2. Photochemical models
We have updated the Meudon PDR code to model our obser-
vations of the Horsehead. The code has been described in de-
tail elsewhere (e.g., Le Bourlot et al. 1993; Le Petit et al. 2006;
Goicoechea & Le Bourlot 2007) and benchmarked against other
PDR codes by Röllig et al. (2007). In this section we summarize
the most relevant upgrades and model features for this work.
3.2.1. UV radiative transfer and dust properties
The code solves the UV radiative transfer problem taking
into account dust scattering and gas absorption. Anisotropic
scattering of UV photons by dust grains is included by ex-
plicity calculating the wavelength-dependent grain albedo and
g-asymmetry parameters (Goicoechea & Le Bourlot 2007). This
enables the specific computation of the UV radiation field (con-
tinuum+lines) and thus, the direct integration of consistent
photoionization and photodissociation rates. We use two types
of dust populations: (i) a mixture of graphite+silicate grains;
and (ii) PAHs (see next paragraph). More precisely, we adopt
a power-law size distribution (n(a) ∝ a−3.5) with minimum
and maximum radius of ∼5 and ∼250 nm respectively (for
graphite+silicate grains). Wavelength-dependent optical proper-
ties (Q eﬃciencies and g factors) are interpolated from Laor &
Draine (1993) tabulations. With a standard gas-to-dust mass ra-
tio (∼100), this grain mixture (“MRN grains”) reproduces the
main characteristics of the standard interstellar extinction curve
with NH/AV = 1.9 × 1021 cm−2 and RV = 3.1.
In order to complete our description of the dust pop-
ulations, in this work we have also added smaller aro-
matic grains. Observationally, the AIB emission towards the
Horsehead (produced by free PAHs according to the most
accepted theory; Léger & Puget 1984; Allamandola et al. 1985)
clearly separates the H ii region and PDR (where the emis-
sion is bright) from the regions shielded from UV radia-
tion, where no AIB emission is detected (Abergel et al. 2003;
Habart et al. 2005; Compiègne et al. 2007; 2008). However, the
size distribution and PAH abundance in dense regions shielded
from UV radiation are uncertain. It may vary from “neg-
ligible”, if PAHs coagulate into larger PAH aggregates
(Boulanger et al. 1990; Rapacioli et al. 2006) to “high” abun-
dances (though they will not be detected in the mid–IR due to
the lack of UV photons to excite them). We used the follow-
ing PAH properties: a size distribution with ∼0.4 and ∼1.2 nm
radii limits (Desert et al. 1990) and optical parameters from Li
& Draine (2001). This size distribution is compatible with PAHs
having a mean radius of ∼0.6 nm and NC ∼ 100 carbon
atoms assuming NC ' 500 a3 (Bakes & Tielens 1994). The
extinction curve and the eﬃciency of the photoelectric heat-
ing mechanism depend on the mass fraction put into PAHs
(Bakes & Tielens 1994). Depending on the PAH abundance,
they contribute to the total dust mass by ∼1% for [PAH] = 10−7
and ∼10% for [PAH] = 10−6.
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Table 4. Key chemical reaction rates† adopted in this work.
Reaction Rate [cm3 s−1]
HCO+ + e− → CO + H 2.4 × 10−7(300 K/T)0.69 a
HCO+ + PAH− → PAH + CO + H 1.4 × 10−8(300 K/T)0.50 b
M+ + e− → M + hν 3.7 × 10−12(300 K/T)0.65
M+ + PAH− → M + PAH 1.0 × 10−8(300 K/T)0.50 b
C+ + H2O→ HCO+ + H 8.9 × 10−10(300 K/T)0.50
C+ + H2O→ HOC+ + H 1.8 × 10−9(300 K/T)0.50
CO+ + H2 → HCO+ + H 7.5 × 10−10
CO+ + H2 → HOC+ + H 7.5 × 10−10
HOC+ + H2 → HCO+ + H2 3.8 × 10−10 c
† Rates are from the UDFA and OSU databases unless indicated;
a cited in the text as α(HCO+), it also applies to DCO+ and H13CO+;
b rate is from (Flower & Pineau des Forêts 2003); c rate is from
(Smith et al. 2002).
3.2.2. Chemical network and elemental abundances
Once the UV field is determined at each cloud position,
steady-state chemical abundances are computed for a given
network of chemical reactions. The model also computes
the temperature profile by solving the thermal balance be-
tween the most important gas heating and cooling mecha-
nisms (Le Petit et al. 2006). Our chemical network contains
∼160 species and ∼2000 reactions. It includes deuteration, 13C
fractionation (Graedel et al. 1982) and HCO+/HOC+ isomer-
ization reactions. When available, we used the photodissoci-
ation rates given by van Dishoeck (1988), which are explic-
itly calculated for Draine’s interstellar radiation field (ISRF).
The most critical reaction rates for our determination of the
ionization fraction are listed in Table 4. Most reactions were
checked against OSU (Herbst and co-workers) and UDFA
(Woodall et al. 2006) networks. Also, we benchmarked our net-
work with more extended ones by comparing the predicted abun-
dances of simple species such as CO and DCO+.
Following Flower & Pineau des Forêts (2003), we have
also included interactions (∼60 reactions) of gas phase species
with very small aromatic grains (neutral PAH and singly
charged PAH±). In particular, we take into account PAH-
gas processes such as neutralization reactions of atomic and
molecular cations on PAH−, PAH electron attachment and
photodetachment of PAH− and PAH by UV photons. Such
processes can play a significant role in the ionization bal-
ance of dense molecular clouds (e.g., Lepp & Dalgarno 1988;
Bakes & Tielens 1998; Flower et al. 2007, Wakelam & Herbst
2008; Wolfire et al. 2008). We have not included larger grains
in the network in order to isolate the role of PAHs in the gas-
phase chemistry. We thus assume that recombinations of ions
with grains are much less frequent than recombinations with
electrons and PAH−. This is partially justified by the fact that,
according to their size and mass, the fractional abundance of
“MRN grains” is low: ng/nH ≈ 10−10 and their eﬀective cross
section per H nucleus is (ng/nH)πa2 ≈ 10−21 cm−2 (the product
of the grain abundance and the mean grain cross section). Grain
growth towards the denser parts the cloud will result in even
lower grain abundances and smaller eﬀective cross sections if the
gas-to-dust mass ratio has to be preserved: e.g., (ng/nH) ≈ 10−13
and (ng/nH)πa2 ≈ 10−22 cm−2 if the grain radii a increase by
∼10. Therefore, the resulting lower abundance of charged grains
and their smaller eﬀective cross section for ion-grain recombi-
nations will not alter our estimations of the ionization fraction
much.
Table 5. Standard conditions and gas-phase elemental abundances.
Molecular, atomic and electron abundances, noted [x], refer to H.
Parameter Value
Radiation field χ 60 (Draine units)
Density nH(r) = n(H) + 2n(H2) ∝ r−3, up to ∼2 × 105 cm−3
Line of sight depth ldepth 0.1 pc
[He] = n(He)/nH 1.00 × 10−1
[O] 3.02 × 10−4
[12C] 1.38 × 10−4
[N] 7.95 × 10−5
[D] 1.60 × 10−5
[S] 3.50 × 10−6
[13C]=[12C]/60 2.30 × 10−6
[PAH] variable: 0–10−7
[metals] ≡ [M] ≡ [Fe +Mg + ...] variable: 10−11–10−5
Cosmic-ray ionization rate ζ variable: 10−18–10−15 s−1
The adopted elemental abundances are shown in Table 5.
Low ionization potential heavy metals (.8 eV; Fe+, Mg+ or Na+)
are all represented by a single element, “M+”. In our model,
such metals slowly recombine with electrons (through radiative
recombinations), can be photoionized and can exchange charge
with ions and neutrals (including PAHs). However, they are as-
sumed to be chemically inert and thus do not form metallic
molecules (e.g., Oppenheimer & Dalgarno 1974).
Once the physical and geometrical parameters of the cloud
are constrained, the only free parameters in the model are the
cosmic-ray ionization rate and the metal and PAH abundances.
3.3. From abundances to spectra: mm radiative transfer
We use the PDR model predictions (molecular abundance,
n(H2), n(H), gas temperature and ionization fraction gradients)
as input for a nonlocal radiative transfer calculation able to com-
pute DCO+ and H13CO+ line intensities as a function of cloud
position. Our radiative transfer code handles edge-on plane-
parallel geometry, and accounts for line trapping, collisional
excitation2, and radiative excitation by absorption of contin-
uum photons. After the level populations are determined in each
modeled slab, emergent line intensities along each line of sight
are computed and convolved with the telescope angular reso-
lution at each frequency. A more detailed description is given
in Goicoechea et al. (2006; Appendix). Since typical densities
in the Horsehead (∼104–105 cm−3) are below the critical densi-
ties of the observed high-dipole moment molecular ions (a few
∼105–106 cm−3 for the studied transitions) our approach allows
us to properly take into account non-LTE excitation eﬀects (e.g.,
subthermal excitation), as well as opacity and line profile forma-
tion.
4. Chemistry of the ionization fraction probes
4.1. H13CO+ and DCO+ chemistry in the UV shielded core
The detection of very bright DCO+ emission towards the
shielded core (Pety et al. 2007) implies cold gas temperatures
(Tk ' 10–20 K) and thus eﬃcient HCO+ deuterium fractiona-
tion (i.e., [DCO+]/[HCO+]  D/H). From our observations we
2 PDR-like environments require us to consider inelastic collisions
with H2, H, He and e−. H13CO+, DCO+ and HOC+ collisional rates
with H2, H and He have been scaled from those of Flower (1999), while
collisional rates with e− were kindly provided by Faure and Tennyson
(see e.g., Faure & Tennyson 2001).
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infer [DCO+]' 8.0 × 10−11, [H13CO+]' 6.5 × 10−11 and thus a
[DCO+]/[HCO+] ' 0.02 abundance ratio towards the core peak.
Such gas-phase DCO+ enhancement is achieved via the reaction:
H+3 + HD  H2D
+ + H2 + ΔE (1)
which is endothermic by ∼232 K in the right-to-left direction
(Gerlich et al. 2002), followed by
CO + H2D+ → DCO+ + H2 (2)
which dominates the DCO+ formation in the cold and dense gas.
The absence of significant DCO+ line emission in the PDR is
consistent with the higher temperatures (>60 K) expected in the
illuminated edge of the cloud.
The detection of intense H13CO+ emission towards the
shielded core and its vicinity (see Fig. 1) implies low ion-
ization fractions. In terms of excitation and opacity eﬀects,
H13CO+ is a much more reliable tracer of HCO+ column
density than H12CO+ itself (as the latter suﬀers from very
large opacities and line photon scattering by low-density halos;
e.g., Cernicharo & Guélin 1987). In terms of its chemistry, two
main processes dominate the formation of H13CO+ in the low
temperature shielded gas:
13CO + H+3 → H13CO+ + H2 (3)
and isotopic fractionation through
13CO + H12CO+  H13CO+ + 12CO + ΔE (4)
which is endothermic by only ∼9 K in the right-to-left direc-
tion (Langer et al. 1984) and competes with dissociative recom-
bination in the destruction of H13CO+ where the abundance of
electrons is low. For the physical conditions prevailing in the
shielded core, we predict [H12CO+]/[H13CO+] abundance ratios
down to ∼0.7 times lower than the elemental [12C]/[13C] iso-
topic ratio. Since both H13CO+ and DCO+ are mainly destroyed
by fast dissociative recombination with electrons:
H13CO+ + e− → 13CO + H (5)
DCO+ + e− → CO + D (6)
their abundances inversely scale with that of electrons. In this
work we have used a “standard” HCO+ dissociative recom-
bination rate (i.e., α(HCO+) = 2.4 × 10−7(300/T )0.69 cm3 s−1)
recommended in most astrochemical databases. We note, how-
ever, that there is a certain discrepancy among diﬀerent theo-
retical calculations and measurements of this key chemical rate
(see discussion by Florescu-Mitchell & Mitchell 2006, and ref-
erences therein). In Sect. 7 we discuss the influence of adopting
a smaller, “non standard” α′(HCO+) rate on our results.
4.2. HOC+ and H13CO+ chemistry in the PDR
In order to extract the [HOC+] and [H13CO+] abundances to-
wards the Horsehead PDR, we have modeled the observed
lines (Fig. 2) using our best knowledge of the prevailing phys-
ical conditions: Tk = 60–120 K, n(H2) = 5 × 104 cm−3,
n(H) = 500 cm−3, [e−] = 5 × 10−5 and a 0.1 pc line-of-sight
depth (or NH ' 3.1 × 1022 cm−2) all accurate within a factor ∼2.
From the observed lines we derive the following column densi-
ties: N(HOC+) = (1.2–2.5)× 1011 cm−2 and N(H13CO+) = (4.7–
7.8) × 1011 cm−2, which translates into [HOC+]=(0.4–0.8) ×
10−11 and [H13CO+] = (1.5–2.5) × 10−11. This computation as-
sumes that the HOC+ and H13CO+ emission fills the IRAM-
30 m beam. However, HOC+ has not been mapped and its
Fig. 3. Predicted H13CO+, HOC+ and CO+ peak abundances in the PDR
(AV ' 0.5–1.5) as a function of gas temperature. H13CO+ and HOC+
abundances (and CO+ abundance upper limit) derived from observa-
tions towards the PDR position are shown with horizontal thin lines.
emission could well arise from the same ∼12′′–width filament
where the emission of small hydrocarbons and HCO radical is
concentrated (Pety et al. 2005; Gerin et al. 2009). In this case,
[HOC+] increases by a factor ∼3. Therefore, we conclude that
the [HOC+]/[H13CO+] abundance ratio towards the PDR lies in
the range '0.3–0.8. These values are orders of magnitude higher
than the value expected in the UV shielded gas.
Our chemical models (see next section) reproduce the
[HOC+]/[H13CO+] abundance ratio towards the PDR but the
absolute abundances derived from observations are larger than
those predicted by the model. The discrepancies between ob-
served and modeled abundances for HOC+ and H13CO+ likely
have a common origin. In particular, the formation of HOC+ in
UV irradiated gas is driven by reactions involving C+ and species
such as H2O and CO+ (from C+ + OH reaction) that eﬃciently
form at high temperatures, that is:
C+ + H2O→ HCO+/HOC+ + H (7)
CO+ + H2 → HCO+/HOC+ + H (8)
where reaction 7 predominantly produces HOC+ whereas reac-
tion 8 has similar branching ratios for the HCO+ and HOC+
formation (e.g., Scott et al. 1997; Savage & Ziurys 2004). The
HOC+ destruction is governed by the isomerization reaction:
HOC+ + H2 → HCO+ + H2. (9)
Laboratory experiments show that the reaction rate is lower
than previously thought (Smith et al. 2002), allowing interstel-
lar HOC+ to exist at detectable amounts.
The intensity peak of the CO J = 2–1 optically thick lines
observed with the PdBI (Tmb ' 60 K ≈ Tex; Pety et al. 2005),
together with the observed CO J = 4–3/2–1 line ratio
(Philipp et al. 2006), provide a lower limit to the gas temper-
ature in the PDR (Tk ' 60–120 K). Temperatures in this
range are predicted by the PDR model but are not enough
to overcome the activation energy barriers of the neutral-
neutral reactions leading to the formation of abundant H2O,
OH and CO+ (e.g., Neufeld et al. 1995; Cernicharo et al. 2006).
Therefore, our models predict HOC+ and H13CO+ abundances
lower than observed because their precursor molecules have low
abundances, and reactions 7 and 8 are not eﬃcient enough.
We have computed that gas temperatures around ∼350 K
are needed to reproduce the observed HOC+ and H13CO+ abun-
dances in the PDR through the previous scheme (see Fig. 3). Our
models of the Horsehead (low UV radiation field) include photo-
electric heating from PAHs and grains but do not predict such a
warm gas component even if the PAH abundance is significantly
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increased. However, we do not model the PDR gas dynamics and
thus processes such as shock waves, driven by the expansion of
the H ii region that compress the cloud edge, may provide addi-
tional gas heating sources to trigger this warm chemistry. This
reasoning is partially consistent with the non detection of CO+
lines, at least at the sensitivity level of our long integration ob-
servation (rms ∼ 50 mK in a 0.20 km s−1 velocity width channel
or [CO+] ≤ 5 × 10−13).
If the gas in the PDR has not gone through such a warm
phase, reaction 8 has to be ruled out as the main chemical path-
way for HOC+ formation and an alternative formation scenario
is required. In this case, we propose that the enhanced HOC+
abundance in the PDR can still be related to the high abundance
of C+ (and thus high ionization fraction), but also to grain pho-
todesorption of water-ice mantles formed in earlier evolutionary
stages of the cloud.
In this picture, the low χ/n ratio in the Horsehead
(∼10−3) will allow water-ices to be photodesorbed close
to the illuminated edge of the cloud (see predictions by
Hollenbach et al. 2009), increasing the water vapor abundance
well above the pure gas phase predictions. Reaction 7 will then
dominate the HOC+ formation in the PDR. Taking into account
that isomerization, dissociative recombination and photodissoci-
ation contribute to HOC+ destruction, we estimate that the re-
quired water vapor abundance needed to explain the inferred
HOC+ abundance in the PDR is [H2O] ' 1800 × [HOC+] '
(0.7−2.2)× 10−8. Herschel Space Observatory observations will
enable the detection of C+ and H2O lines in a large sample of
PDRs, confirming whether or not water vapor is abundant at the
edges of molecular clouds (e.g., Cernicharo et al. 2006).
5. Determination of the ionization fraction
Figure 4 presents depth–dependent predictions of several photo-
chemical models across the Horsehead edge. Each model shows
the main physical parameters (density and temperature), the ion-
ization fraction gradient, the DCO+, H13CO+ and HOC+ abun-
dances (our observational probes of the ionization fraction) and
the abundances of key chemical species for the charge balance
in the cloud: CO/C/C+, M/M+, PAH−/PAH/PAH+.
Four sets of models are displayed. Top/bottom models use
a low (ζ = 3 × 10−17 s−1) and high (ζ = 3 × 10−16 s−1) cosmic-
ray ionization rate respectively. Left/right models exclude and in-
clude the eﬀects of PAHs. In the latter case, we include PAHs in
the UV radiative transfer (as a source of absorption and scatter-
ing of UV photons), in the photoelectric heating and in the chem-
ical network. We start the chemistry computation by including
neutral PAHs alone with an initial abundance of [PAH] = 10−7.
In each set of models (each panel), the only parameter that varies
is the abundance of metals: high metallicity with [M] = 10−6
(dashed curves) and low metallicity with [M] = 10−9 (solid
curves). The low metallicity case implies a large metal depletion
from the gas phase.
In terms of the chemical species observed in this work,
a salient feature of all models is the constancy of the
DCO+/H13CO+ abundance ratio once the gas is shielded from
UV radiation (AV & 6). This feature agrees with the almost
identical spatial distribution of DCO+ and H13CO+ emission ob-
served beyond the PDR (see Fig. 1). This similarity was already
noticed in the lower resolution DCO+ and H13CO+ pioneer-
ing maps of several molecular clouds (e.g., Guélin et al. 1982).
Also, the predicted [HOC+]/[H13CO+] abundance ratio towards
the PDR is in good agreement with the value inferred from
observations. In this UV irradiated region where the C+ and
electron abundances are very high, the HCO+ destruction rate
becomes comparable to the isomerization rate (reaction 9). This
implies that the [HOC+]/[H13CO+] abundance ratio in the cloud
achieves the highest value in the PDR.
5.1. The role of ionized carbon and metals
According to the ionization fraction gradient all models show
two diﬀerentiated environments separated by a transition region:
the “PDR” (AV ' 0–2) and the “shielded core” (AV & 6). The
electron density at every cloud position is given by the diﬀerence
of cations and anions densities;
ne =
∑
i
ni(cations+) −
∑
j
n j(anions−). (10)
In the PDR, carbon, the most abundant heavy element with a
ionization potential below 13.6 eV, provides most of the charge:
n(e−) ' n(C+). Therefore, the ionization fraction in the PDR
is high, [e−] ∼ 10−4, and independent of elemental abundances
other than carbon.
As AV increases inwards the cloud, the C+ abundance de-
creases by several orders of magnitude and so does the abun-
dance of electrons. In the shielded core (AV & 6), low ioniza-
tion heavy metal ions (e.g., Fe+, Mg+ or Na+) determine much
of the ionization fraction (Oppenheimer & Dalgarno 1974;
Guélin et al. 1982). In the absence of PAHs, abundant molecular
ions m+ transfer charge rapidly to heavy metal atoms M through
m+ + M → m + M+ reactions. Metal ions recombine orders of
magnitude slower than molecular ions (Table 4), and thus a large
fraction of them is kept ionized (higher [M] implies higher elec-
tron abundances). Therefore, the ionization fraction in the core
is highly dependent on the adopted metallicity, and varies from
a few ×10−9 for [M] = 10−9, to a few ×10−7 for [M] = 10−6.
5.2. The role of PAHs
Depending on their abundances, the presence of PAHs can al-
ter the chemistry and the ionization balance in dense clouds
(e.g., Lepp & Dalgarno 1988). For our adopted abundance of
[PAH] = 10−7 the right and left panels in Fig. 4 shows that
the presence of PAHs most modifies the ionization fraction at
AV & 2. Hence, if not all PAHs accrete onto bigger grains or co-
agulate towards cloud interiors, PAH− can be abundant through
the cloud because the radiative electron attachment rate
PAH + e− → PAH− + hν (11)
is high (≥10−7 cm3 s−1), although probably dependent
on the PAH size (Omont 1986; Allamandola et al. 1989;
Flower et al. 2007; Wakelam & Herbst 2008). In the shielded
core PAH− is destroyed by recombination with atomic (M+,...)
and molecular cations (HCO+, H3O+,...) which are orders of
magnitude less abundant than the available cations in the PDR
(C+, S+,...). Negative PAH ions thus reach high abundances
([PAH−] ' 2 × 10−8). For our choice of PAH parameters,
this means that PAH− can be the most abundant negatively
charged species, more than electrons for AV ≥ 5. In addition,
recombination of atomic ions on PAH− is by far more eﬃcient
than the slow radiative recombination on electrons. This is a
very important point since heavy metal ions and molecular
ions are now neutralized at similar rates. As a result, both the
abundance of metal cations and the ionization fraction decreases
when PAHs are included, while molecular ions such as H13CO+
and DCO+ increase their abundances (see Fig. 4 right panels).
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No PAHs;  low CR rate
No PAHs; high CR rate With PAHs; high CR rate
With PAHs;  low CR rate
Fig. 4. Grid of chemical models for 2 diﬀerent metal abundances, low-metallicity with [M] = 10−9 (strong metal depletion case, solid curves) and
high-metallicity with [M] = 10−6 (weak metal depletion case, dashed curves). “Low CR rate” refers to models with ζ = 3× 10−17 s−1 while models
with “high CR rate” refer to ζ = 3 × 10−16 s−1. Models “with PAH” include PAH-gas interactions in the chemical network (with [PAH] = 10−7)
while models with “no PAH” are pure gas-phase models. The black empty square represents the [HOC+]/[H13CO+] abundance ratio inferred
towards the PDR from observations. The blue and red empty squares represent the DCO+ and H13CO+ abundances derived towards the core.
J. R. Goicoechea et al.: The ionization fraction gradient across the Horsehead edge: an archetype for molecular clouds 779
Fig. 5. Left: H13CO+ and DCO+ spectra along the direction of the exciting star at δy = 15′′ (histograms). Radiative transfer models using the
output of PDR models for a fixed cosmic-ray ionization rate (ζ = 3 × 10−17 s−1) and varying metallicities. Thin blue curves for [M] = 5 × 10−8
and no PAHs; thick grey curves for [M] = 10−9 and no PAHs; dashed red curves for [M] = 10−6 and [PAH] = 10−7. Modeled line profiles have
been convolved with the appropriate Gaussian beam at each observed frequency (the angular resolution for each line are quoted in Tables 1 and 2).
Right: same as left but for a fixed metal abundance ([M] = 10−9), no PAHs and varying cosmic-ray ionization rate ζ. Thin blue curves for a model
with ζ = 5 × 10−18 s−1; thick grey curves for ζ = 3 × 10−17 s−1; dashed red curves for ζ = 10−16 s−1.
At the illuminated edge of the cloud, PAH− is predominantly
destroyed by UV photons through electron detachment,
PAH− + hν→ PAH + e− (12)
and through recombination with atomic cations which are
very abundant in the PDR (e.g., Bakes & Tielens 1998;
Wolfire et al. 2008). As a consequence, the abundance of ions
such as S+ in the PDR decreases with respect to models without
PAHs. This eﬀect is important to determine the elemental abun-
dances and depletion factors. Despite the higher PAH− destruc-
tion rates in the PDR, the high electron density and relatively
low UV field in the Horsehead allows PAH− to form eﬃciently
through electron attachment (reaction 11). Hence the resulting
PAH− abundance is also high in the PDR. On the other hand, the
predicted abundance of positively charged PAH+ in our models
is ∼500 times smaller than the abundance of PAH− (due to fast
electronic recombination) and therefore PAH+ do not seem to
play a major role in the ionization balance inside the cloud (see
also Lepp & Dalgarno 1988; Wakelam & Herbst 2008).
5.3. The role of the cosmic-ray ionization rate
Cosmic rays aﬀect the ionization state and the physics of molec-
ular clouds, being the dominant source of heating and ionization
in the gas shielded from interstellar radiation fields. Indeed, sec-
ondary UV photons are created in cloud interiors by H2 elec-
tron cascades following H2 excitation by collisions with cosmic
rays (Prasad & Tarafdar 1983). Therefore, cosmic rays maintain
a certain ionization degree in the shielded gas and play a funda-
mental role in the ion-neutral chemistry by setting the abundance
of key ions (Herbst & Klemperer 1973).
Most studies based on the interpretation of observed
molecular ions set a range of a few 10−17 to a few
10−16 s−1 for the cosmic-ray ionization rate (Le Petit et al. 2004;
van der Tak 2006; Dalgarno 2006 and references therein).
However, it is still debated whether or not ζ depends on envi-
ronmental conditions (e.g., galactic center vs. disk clouds) or
if it varies from source to source (e.g., from dense molecular
cores to more translucent clouds). In many ways, PDRs oﬀer an
interesting intermediate medium to analyze the transition be-
tween translucent and dark clouds.
In terms of our observations, the DCO+ and H13CO+ abun-
dances directly scale with ζ in the UV shielded gas. Indeed, these
ions are direct products of the H+3 destruction (through reac-
tions 2 and 3), and the H+3 formation is proportional to 'ζ nH.
However, ζ and the metal abundance cannot be constrained in-
dependently from the inferred DCO+ and H13CO+ abundances
since both parameters control the ionization fraction, and thus
the destruction of these ions through reactions 5 and 6.
6. Results: observational constraints
In this section we compare the synthetic and observed H13CO+
and DCO+ spectra as a function of cloud position. We then ex-
plore the range of metallicities and cosmic-ray ionization rates
compatible with the H13CO+ and DCO+ inferred abundances
(see Table 6). The influence of PAHs is also investigated. We fi-
nally compare the [HOC+]/[H13CO+] ratio obtained towards the
Horsehead with the values derived in other PDRs.
6.1. Constraints to the metals abundance
Figure 5 left shows the spectra along the direction of the ex-
citing star (histograms) and radiative transfer models using the
output of several PDR models for a fixed ionization rate (ζ = 3×
10−17 s−1) and varying metallicities. In particular, the model with
[M] = 10−9 (and no PAHs) displays a notable agreement with
both the DCO+ and H13CO+ spatial distribution and with the in-
ferred peak abundances towards the core (Table 6). In addition,
Fig. 6 left shows the predicted ionization fraction and [H13CO+]
and [DCO+] abundances at the core peak (AV > 10) as a func-
tion of [M] (blue-solid curves). These models (no PAHs, fixed ζ)
show that the upper limit metallicity compatible with observa-
tions is [M] ≤ 4 × 10−9, which implies an ionization fraction of
[e−] = (7 ± 1) × 10−9 at the core peak. Higher metal abundances
increase the ionization fraction (see Fig. 6 left), which translates
into weaker lines than observed (Fig. 5 left: thin-blue curves).
Therefore, the gas-phase metal abundance is depleted by ∼4
780 J. R. Goicoechea et al.: The ionization fraction gradient across the Horsehead edge: an archetype for molecular clouds
Fig. 6. Left: model predictions for the shielded core (the “DCO+ peak” at AV > 10). The ionization rate due to cosmic rays is fixed to ζ =
3 × 10−17 s−1. The diﬀerent panels show (upper): the ionization fraction, (middle): the H13CO+ abundance and (lower): the DCO+ abundance
as a function of gas phase metallicity. Blue-solid curves for models without PAHs, and red-dotted curves for models with neutral and charged
PAHs ([PAH] = 10−7). Horizontal shaded regions show the H13CO+ and DCO+ abundances derived from observations towards the core, while
vertical shaded regions show the parameter space compatible with observations. Right: same as previous figure but for a fixed low metallicity of
[M] = 10−9 (no PAH; blue-solid curves) and a fixed high metallicity of [M] = 10−6 ([PAH] = 10−7; red-dotted curves). The diﬀerent panels show
(upper): the ionization fraction, (middle): the H13CO+ abundance and (lower): the DCO+ abundance as a function of the ionization rate due to
cosmic rays.
Table 6. Inferred abundances [x]=N(x)/NH where NH=N(H)+2N(H2).
Species Shielded core PDR
AV ≥ 6 AV = 0–2
δx ' 45′′ δx ' 15′′
NH (cm−2) 5.8 × 1022 3.1 × 1022
[H13CO+] 6.5 × 10−11 1.5 × 10−11
[H12CO+] 3.9 × 10−9 9.0 × 10−10
[DCO+] 8.0 × 10−11 (–)
[HOC+] (–) 0.4 × 10−11 †
[CO+] (–) ≤5.0 × 10−13
[e−] (1−8) × 10−9 10−6−10−4
† Assuming extended emission. It would be 1.2 × 10−11 if HOC+ arises
from a 12′′–width filament as HCO (Gerin et al. 2009).
orders of magnitude with respect to the Sun ([M] ' 8.5 × 10−5,
Anders & Grevesse 1989). This range of depletion is similar
to that obtained in other prestellar cores such as Barnard 68
(Maret & Bergin 2007). We shall refer it as the strong metal de-
pletion case.
The inclusion of PAH interactions implies lower ioniza-
tion fractions and enhanced molecular ion abundances (see
Fig. 6 left) which result in overestimated H13CO+ and DCO+ line
intensities towards the core. Therefore, the abundance of metals
(e.g., indirectly the ionization fraction) has to be increased to
match the observed intensities. In particular, Fig. 5 left shows
that a model with [PAHs] = 10−7 and [M] = 10−6 (red-dashed
curves) displays only a factor <2 brighter lines than models with
3 orders of magnitude lower metallicities and no PAHs (thick-
grey curves). As shown in Fig. 6 left, the inclusion of PAHs
makes the range of metal abundances compatible with obser-
vations much higher now, [M] = (3 ± 1) × 10−6. The required
abundance of metals is at least a factor ∼500 larger than the for-
mer case without PAHs. Thus, we refer to it as the weak metal
depletion case. Note that this metallicity is still below the gas-
phase abundance of Fe+Mg+... elements in the diﬀuse interstel-
lar gas (e.g., Wolfire et al. 1995; Howk et al. 2006) and is con-
sistent with the incorporation of metals into dust grains in higher
density regions (e.g., Wolfire et al. 1995). On the other hand, the
ionization fraction required to reproduce the H13CO+ and DCO+
abundances does not change much, [e−] = (4 ± 1) × 10−9 at the
core peak (red-dashed curves Fig. 6 left). Therefore, it is not easy
to distinguish between the strong metal depletion (no PAHs) and
weak metal depletion (with PAHs) cases in terms of the ion-
ization fraction. The observation of forbidden lines from met-
als such as [Fe ii] towards the UV illuminated edges of molec-
ular clouds may help to remove this apparent degeneracy. In
one of the few positive cases, the S140 PDR, the detection of
a weak [Fe ii]26.0 μm fine-structure line emission suggests that
iron is depleted, but with an abundance of ∼5 × 10−8 relative
to H (Timmermann et al. 1996). Nevertheless, without mapping
and comparing with other PDR tracers, it is not obvious to dis-
entangle whether [Fe ii] lines arise from the PDR gas or from
the adjacent (Hii) ionization front (e.g., Marconi et al. 1998;
Kaufman et al. 2006).
6.2. Constraints to the cosmic-ray ionization rate
Figure 5 right shows again the observed spectra along the direc-
tion of the exciting star (histograms) and radiative transfer mod-
els using the output of PDR models that vary the cosmic ray rate,
without PAHs and a fixed metal abundance of [M] = 10−9. The
adopted metal abundance is, within an order of magnitude, the
usual value estimated in prestellar cores (e.g., Caselli et al. 1999;
Maret & Bergin 2007) and is compatible with our strong metal
depletion case. Therefore, Fig. 5 right shows the eﬀects of dif-
ferent ionization rates directly on the DCO+ and H13CO+ line
intensities. For the adopted physical conditions and chemical
network, our observations constrain ζ within a factor ∼2. In
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a) b) c)
Fig. 7. Derived abundance profiles for the most significant ions studied in this work for diﬀerent PAH and sulfur elemental abundances. An
enhanced UV radiation field 60 times the mean ISRF illuminates the cloud from the right. The metal abundance ([M] = 10−9) and the cosmic-ray
rate (ζ = 3 × 10−17 s−1) are fixed in all models. a) Model with [PAH]=0 and [S] = 3.5 × 10−6 (low sulfur depletion). b) Model with [PAH] = 0 and
[S] =3.5 × 10−8 (high sulfur depletion). c) Model with [PAH] = 10−7 and [S] = 3.5 × 10−6.
particular, Fig. 6 right shows the predicted [e−], [H13CO+] and
[DCO+] abundances at the core peak (AV > 10) as a function
of ζ, and suggests that in the absence of PAHs, the cosmic ray
ionization rate range compatible with the observations of the
Horsehead edge is ζ = (5 ± 3) × 10−17 s−1 (solid-blue curves).
If PAHs are included in the chemistry, the metal abundance has
to be increased accordingly to reproduce the observations. For
our [PAH] = 10−7 model case, the required metal abundance
needs to be above [M] ' 10−6 to obtain ionization rates above
ζ ' 10−17 s−1 (Fig. 6 right; red-dotted curves).
Note that given the fact that the H13CO+ formation in the
PDR is not dominated by the 13CO + H+3 reaction, the H13CO+
abundance in the UV illuminated gas does not scale with ζ.
Therefore, we cannot further investigate if ζ varies signifi-
cantly in the transition from diﬀuse regions to the shielded core
(e.g., McCall et al. 2003; Padoan & Scalo 2005).
6.3. High ionization fraction in the PDR
The bright [C ii]158 μm (Zhou et al. 1993) and [C i]492 GHz
(Philipp et al. 2006) fine structure line emission towards the
Horsehead PDR, together with subtle chemical eﬀects such
as the large [l-C3H2]/[c-C3H2] linear-to-cyclic abundance ra-
tio (Teyssier et al. 2005) all show observationally that the ion-
ization fraction is higher in the UV illuminated edge than to-
wards the cloud interior. Nevertheless, all those studies lacked
the angular resolution to properly measure the ionization fraction
gradient.
The abundances of reactive ions such as HOC+ are also
predicted to be enhanced in the UV illuminated gas, where
we have shown that the ionization fraction is high, up to
[e−] ∼ 10−4, and that the HOC+ formation is linked to
the availability of C+. On the other hand, the H13CO+ abun-
dance increases as the electron abundance decreases towards the
shielded core. Therefore, we predict that the [HOC+]/[H13CO+]
abundance ratio scales with the ionization fraction gradient,
reaching the highest values in the PDR (Fig. 4). In partic-
ular, we derive a high [HOC+]/[H13CO+] = 0.3–0.8 ratio
(or a low [HCO+]/[HOC+] ' 75–200 ratio) towards the PDR,
similar to that observed in other PDRs such as NGC 7023
(Fuente et al. 2003).
7. Discussion
7.1. The ionization fraction gradient
Star forming clouds display diﬀerent environments depending
on the dominant physical and chemical processes. These envi-
ronments are, to a first approximation, similar to those studied
here: (i) a low density cloud edge directly exposed to a UV ra-
diation field from nearby stars; (ii) a transition region or ridge
where the H2 density increases as the gas temperature decreases
due to the attenuation of the external radiation field. UV pho-
tons can still play a significant role depending on their penetra-
tion depths (e.g., cloud clumpiness, grain properties, etc.); and
(iii) the denser shielded cores that may be externally triggered
to form a new generation of stars depending on their stability
against gravitational collapse (e.g., Goicoechea et al. 2008).
Assuming that the observed field-of-view in the Horsehead
nebula is representative of the above 3 environments, our maps
and chemical models reveal that the ionization fraction follows a
steep gradient in molecular clouds: from [e−] ' 10−4 at the edge
of the cloud (the “C+ dominated” region) to a few times ∼10−9 in
the shielded cores. The prevailing chemistry and the abundance
of atomic ions such as C+ and S+ determine the “slope” of the
ionization fraction gradient in the transition regions. In particu-
lar, sulfur (with a ionization potential of ∼10.36 eV) is a good
source of charge behind the “C+ dominated” region. Advection
and time-dependent eﬀects may also modify the ionization frac-
tion gradient with time. However, Morata & Herbst (2008) have
shown models for (uniform) physical conditions similar to those
in the Horsehead where [HCO+] (and [e−] presumably) does not
change with time appreciably.
Figure 7 shows the predicted ionization fraction gradi-
ent, with a scale length of ∼0.05 pc (or ∼25′′), and the
main charge carriers for 3 representative models with fixed
standard metal abundance (our strong metal depletion case)
and standard cosmic-ray rate. Panel 7a shows a model with-
out PAHs and high gas-phase sulfur abundance ([S] = 3.5 ×
10−6; Goicoechea et al. 2006). The ionization fraction gradient
in the core / transition / edge zones, is mainly determined by
the [HCO++S++M++...] / [S+] / [C+] abundances respectively.
Sulfur ions control the charge balance in the transition layers,
and due to their high abundance and slow radiative recombina-
tion rate with electrons, the ionization fraction is high, a few
times 10−7, and the gradient is smooth. This model qualitatively
agrees with the observed more extended emission and narrower
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line-widths of sulfur recombination lines compared to carbon
recombination lines in dark clouds, as well as with the rela-
tively low (<10) carbon-to-sulfur recombination lines intensity
ratio (e.g., Pankonin & Walmsley 1978; Falgarone et al. 1978).
All these signatures argue in favor of extended regions with sig-
nificant amounts of gas-phase S+.
Panel 7b shows the same model but sulfur abundances
smaller by two orders of magnitude (strong gas-phase sulfur
depletion). The ionization fraction in the cloud core (AV > 6)
and edge (AV < 2) are nearly the same as in the previous high
sulfur abundance model. However, the lack of abundant S+ in
the transition layers decreases the electron abundance consider-
ably, and makes the ionization fraction gradient much steeper.
Observational constraints to the atomic and ionic S abundances
from far-IR fine structure lines or recombination lines, and a
careful treatment of the sulfur chemistry (i.e., which are the most
abundant S-bearing species as a function of cloud depth?) are
thus required to quantify the S+ abundance at large AV and its
impact on the charge balance.
Panel 7c shows a model with high sulfur abundance but in-
cluding PAHs (with [PAH] = 10−7). As presented in Sect. 5.2,
negatively charged PAH− eﬃciently form by radiative electron
attachment and their abundance remains high through the cloud.
Given the much higher recombination rates of atomic ions on
PAH− than on electrons, the abundance of atomic ions such as
S+ in the transition zone, or M+ in the shielded cores, quickly de-
creases. Hence, lower ionization fractions (and a much weaker
dependence on the assumed metal elemental abundance) are pre-
dicted by the model with PAHs. These results agrees with theo-
retical predictions for UV shielded gas (Lepp & Dalgarno 1988;
Flower et al. 2007; Wakelam & Herbst 2008).
In summary, a high abundance of PAHs throughout the
molecular cloud (not only in the PDR) plays a role in the ion-
ization balance and in the abundance of molecular ions, which
aﬀects the determination of elemental abundances (e.g., S) from
fractional molecular abundances (e.g., HCS+/CS, SO+/SO, etc.).
7.2. The PAH abundance in UV shielded gas
The PAH abundance in the dense and UV shielded gas is
far from being well constrained. Diﬀerent approaches to an-
alyze ISO and Spitzer mid-IR observations towards several
PDRs all argue in favor of an evolution of dust grain sizes:
from the illuminated cloud edge where the emission of PAH
bands dominates, to the shielded interiors where the continuum
emission from bigger grains dominates (Rapacioli et al. 2005;
Berné et al. 2007; Compiègne et al. 2008). It is not trivial to
disentangle whether this is a physical eﬀect (i.e., free PAHs
are not present in the shielded regions) or an excitation eﬀect
(i.e., lack of UV photons). Even if the PAH abundance drasti-
cally decreases towards cloud interiors, a chemically significant
fraction of them may survive. Unfortunately, while the eﬀects
of grain growth in the UV extinction curve have been modelled
by us (Goicoechea & Le Bourlot 2007), including PAH coagula-
tion/accretion in the chemistry is beyond the scope of this work.
All we can say at this point is that a better description of the
cloud chemistry may be a decreasing PAH abundance gradient
or an increasing PAH size distribution towards the cloud inte-
rior. In any case, we have shown that the presence of free PAHs
in molecular clouds modifies the prevailing chemistry. As a re-
sult, the predicted high abundance of PAH− can dominate the
recombination of metal ions and reduce the ionization fraction.
The presence of abundant free PAHs, or large molecules
to which electron attach (Lepp & Dalgarno 1988), can thus be
crucial in determining the coupling of the gas with magnetic
fields in molecular clouds, but also in collapsing cores or in the
“dead” zones of protoplanetary disks (magnetically inactive re-
gions where accretion cannot occur if the ionization fraction is
very low). According to our models, the PAH abundance thresh-
old required to aﬀect the metal and electron abundance deter-
mination in the UV shielded gas is [PAH] > 10−8. Herschel
observations might allow the identification of specific PAH
carriers through their far-IR skeletal modes (Joblin et al. 2002;
Mulas et al. 2006), thus providing clues to their composition and
abundance variations in diﬀerent environments.
7.3. “Non standard” HCO+ dissociative recombination rate
We conclude by discussing the sensitivity of our determina-
tion of the ionization fraction from H13CO+ and DCO+ abun-
dances. In particular, we have checked the eﬀects of adopting
a smaller, “non standard” HCO+ dissociative recombination
rate, α′(HCO+) = 0.7× 10−7(300/T )0.50 cm3 s−1 (Sheehan 2000,
Florescu-Mitchell & Mitchell 2006). For models without PAHs,
the predicted H13CO+ and DCO+ abundances increase by a fac-
tor of ∼3 with respect to models using the “standard” α(HCO+)
rate (Table 4), but the metallicity required to fit the observed
lines has to be increased to [M] ' 5 × 10−8 and the predicted
ionization fraction increases to [e−] ' 5 × 10−8 in the core. This
value should be regarded as the upper limit of our determina-
tion. On the other hand, the influence of α′(HCO+) in models
with PAHs is less important. It also requires high metallicities to
fit the observed intensities (weak metal depletion case), but the
predicted [e−] in the shielded core remains low (below ∼10−8).
8. Summary and conclusions
We have presented the first detection of HOC+ reactive ion to-
wards the Horsehead PDR. Combined with our previous IRAM-
PdBI H13CO+ J = 1–0 (Gerin et al. 2009) and IRAM-30 m
H13CO+ and DCO+ higher-J lines maps (Pety et al. 2007) we
performed a detailed analysis of their chemistry, excitation and
radiative transfer to constrain the ionization fraction as a func-
tion of cloud position. The observed field contains 3 diﬀerent
environments: (i) the UV illuminated cloud edge; (ii) a transi-
tion region or ridge; and (iii) a dense and cold shielded core. We
have presented a study of the ionization fraction gradient in the
above environments, which can be considered as templates for
most molecular clouds. Our main conclusions are the following:
1. The ionization fraction follows a steep gradient, with a scale
length of∼0.05 pc (∼25′′), from [e−] ' 10−4 (ne ∼ 1–5 cm−3)
at the cloud edge (the “C+ dominated” regions) to a few
times ∼10−9 in the shielded core (with ongoing deuterium
fractionation). Sulfur, metal and PAH ions play a key role in
the charge balance at diﬀerent cloud depths.
2. The detection of HOC+ towards the PDR, and the high
[HOC+]/[H13CO+] ' 0.3–0.8 abundance ratio inferred,
proves the high ionization fraction in the UV irradiated gas.
However, the H13CO+ and HOC+ abundances derived from
observations are larger than the PDR model predictions. We
propose that either the gas is/was warmer than predicted or
that significant water ice-mantle photodesorption is taking
place and HOC+ is mainly formed by the C+ +H2O reaction.
3. The ionization fraction in the shielded core depends on
the metal abundance and on the cosmic-ray ionization rate.
Assuming a standard rate of ζ = 3 × 10−17 s−1 and pure gas-
phase chemistry (no PAHs), the metal abundance has to be
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lower than 4×10−9 (strong metal depletion). Conversely, as-
suming a standard metal abundance of [M] = 10−9, our ob-
servations can only be reproduced with ζ = (5±3)×10−17 s−1.
4. The inclusion of PAHs modifies the ionization fraction gra-
dient and decreases the metal depletion required to repro-
duce the observations if [PAH] > 10−8 (i.e., if not all
PAHs coagulate/accrete onto bigger grains). In such a case,
PAH− acquire large abundances also in the shielded gas.
Recombination of atomic ions on PAH− is much more ef-
ficient than on electrons and thus metal ions and molecular
ions are neutralized at similar rates. For [PAH] = 10−7, the
metal abundance consistent with observations increases to
[M] = (3±1)×10−6 (still below the heavy metals abundance
in the diﬀuse ISM).
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ABSTRACT
Context. Far-UV photons (FUV) strongly aﬀect the physical and chemical state of molecular gas in the vicinity of young massive
stars.
Aims. Finding molecular tracers of the presence of FUV radiation fields in the millimeter wavelength domain is desirable because
IR diagnostics (for instance PAHs) are not easily accessible along high extinction line-of-sights. Furthermore, gas phase diagnostics
provide information on the velocity fields.
Methods. We have obtained maps of the HCO and H13CO+ ground state lines towards the Horsehead edge at 5′′ angular resolution
with a combination of Plateau de Bure Interferometer (PdBI) and the IRAM-30 m telescope observations. These maps have been
complemented with IRAM-30 m observations of several excited transitions at two diﬀerent positions.
Results. Bright formyl radical emission delineates the illuminated edge of the nebula, with a faint emission remaining towards the
shielded molecular core. Viewed from the illuminated star, the HCO emission almost coincides with the PAH and CCH emission. HCO
reaches a similar abundance to HCO+ in the photon dissociation region (PDR), '1–2×10−9 with respect to H2. To our knowledge, this
is the highest HCO abundance ever measured. Pure gas-phase chemistry models fail to reproduce the observed HCO abundance by
∼2 orders of magnitude, except if reactions of atomic oxygen with carbon radicals abundant in the PDR (i.e., CH2) play a significant
role in the HCO formation. Alternatively, HCO could be produced in the PDR by non-thermal processes such as photo-processing of
ice mantles and subsequent photo-desorption of either HCO or H2CO, and further gas phase photodissociation.
Conclusions. The measured HCO/H13CO+ abundance ratio is large towards the PDR ('50), and much lower toward the gas shielded
from FUV radiation (.1). We propose that high HCO abundances (&10−10) together with large HCO/H13CO+ abundance ratios (&1)
are sensitive diagnostics of the presence of active photochemistry induced by FUV radiation.
Key words. astrochemistry – ISM: clouds – ISM: molecules – ISM: individual objects: Horsehead nebula – radiative transfer –
radio lines: ISM
1. Introduction
Photodissociation region (PDR) models are used to understand
the evolution of far-UV (FUV; hν < 13.6 eV) illuminated mat-
ter both in our Galaxy and in external galaxies. These sophis-
ticated models have been benchmarked Röllig et al. (2007) and
are continuously upgraded (e.g., Goicoechea & Le Bourlot 2007;
González-García et al. 2008). Given the large number of phys-
ical and chemical processes included in such models, it is nec-
essary to build reference data sets that can be used to test the
predictive accuracy of models. Our team has contributed to this
goal by providing a series of high resolution interferometric ob-
servations of the Horsehead nebula (see Pety et al. 2007b, for
? Based on observations obtained with the IRAM Plateau de Bure in-
terferometer and 30 m telescope. IRAM is supported by INSU/CNRS
(France), MPG (Germany), and IGN (Spain).
?? 30m maps of the ground state lines are only available in electronic
form at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/494/977
??? Current address: Centro de Astrobiología. Consejo Superior de
Investigaciones Científicas, Madrid, Spain.
a summary). Indeed, this source is particularly well suited be-
cause of its favorable orientation and geometry, and its moderate
distance (∼400 pc; Habart et al. 2005). We have previously stud-
ied the carbon (Teyssier et al. 2004; Pety et al. 2005) and sulfur
chemistry (Goicoechea et al. 2006) of the nebula, and detected
the presence of a cold dense core, with active deuterium frac-
tionation (Pety et al. 2007a).
The formyl radical, HCO, is known to be present in the inter-
stellar medium since the late 1970’s Snyder et al. (1976). Snyder
et al. (1985) give a detailed description of the HCO structure and
discuss the energy diagram for the lowest energy levels. HCO
is a bent triatomic asymmetric top with an unpaired electron.
a-type and b-type transitions are allowed, with a stronger dipole
moment (1.36 Debye) for the a-type transitions Landsberg et al.
(1977), which are therefore more easily detectable. The strongest
HCO ground state transitions lie at 86.670, 86.708, 86.777 and
86.805 GHz, very close to the ground state transition of H13CO+
and to the first rotationally excited SiO line. Therefore HCO can
be observed simultaneously with SiO and H13CO+. HCO ground
state lines have been detected in the Orion Bar as well as in the
dense PDRs NGC 2023, NGC 7023 and S 140 Schilke et al.
(2001). From limited mapping, they have shown that HCO is
Article published by EDP Sciences
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Table 1. Observation parameters for the maps shown in Figs. 1 and 5. The projection center of all the maps is α2000 = 05h40m54.27s, δ2000 =
−02◦28′00′′.
Molecule Transition Frequency Instrument Config. Beam PA Vel. Resol. Int. Timea Tsys Noiseb Obs. date
GHz arcsec ◦ km s−1 h K K
H13CO+ 1–0 86.754288 PdBI C & D 6.76 × 4.65 13 0.2 6.5 150 0.10 2006–2007
HCO 10,1 3/2, 2–00,0 1/2, 1 86.670760 PdBI C & D 6.69 × 4.39 16 0.2 6.5 150 0.09 2006–2007
CCH 1, 3/2 (2)–0, 1/2 (1) 87.316925 PdBI C & D 7.24 × 4.99 54 0.2 6.9 130 0.07 2002–2003
a On-source time computed as if the source were always observed with 6 antennae. b The noise values quoted here are the values at the mosaic
phase center (Mosaic noise is inhomogeneous due to primary beam correction; it steeply increases at the mosaic edges).
Molecule Transition Frequency Instrument # Pix. Feﬀ Beﬀ Resol. Resol. Int. Timea Tsys Noise Obs. date
GHz arcsec km s−1 h K mK
H13CO+ J = 1–0 86.754288 30 m/AB100 2 0.95 0.78 28.4 0.2 2.6/5.0 133 69 2006–2007
HCO 10,1 3/2, 2−00,0 1/2, 1 86.670760 30 m/AB100 2 0.95 0.78 29.9 0.2 2.6/5.0 133 63 2006–2007
HCO 10,1 3/2, 1−00,0 1/2, 0 86.708360 30 m/AB100 2 0.95 0.78 29.9 0.2 2.6/5.0 133 63 2006–2007
HCO 10,1 1/2, 1−00,0 1/2, 1 86.777460 30 m/AB100 2 0.95 0.78 29.9 0.2 2.6/5.0 133 66 2006–2007
HCO 10,1 1/2, 0−00,0 1/2, 1 86.805780 30 m/AB100 2 0.95 0.78 29.9 0.2 2.6/5.0 133 66 2006–2007
a Two values are given for the integration time: the on-source time and the telescope time.
Table 2. Observation parameters for the HCO deep integrations shown in Fig. 1. Associated transitions can be found in Table 3. The RA and Dec
oﬀsets are computed with reference to α2000 = 05h40m54.27s, δ2000 = −02◦28′00′′ . The positions are also given in the coordinate system used to
display the maps in Figs. 1 and 5. In this coordinate system, maps are rotated by 14◦ counter-clockwise around the projection center, located at
(δx, δy) = (20′′, 0′′), to bring the illuminated star direction in the horizontal direction and the horizontal zero has been set at the PDR edge.
Position name (δRA, δDec) (δx, δy)
arcsec arcsec
“DCO+ peak” (20′′, 22′′) (44.7′′, 16.5′′)
“HCO peak” (−5, 0′′) (15.1′′, 1.2′′)
Position Frequency Line areaa Instrument Feﬀ Beﬀ Resol. Resol. Int. Timeb Tsys Noise Obs. date
GHz K km s−1 arcsec km s−1 h K mK
“DCO+ peak” 86.670760 0.23 ± 0.009 30 m/B100 0.95 0.78 28.4 0.27 0.75/1.5 134 11 2008
86.708360 0.12 ± 0.009 30 m/B100 0.95 0.78 28.4 0.27 0.75/1.5 134 11 2008
“HCO peak” 86.670760 0.52 ± 0.008 30 m/B100 0.95 0.78 28.4 0.27 0.75/1.5 127 10 2008
86.708360 0.31 ± 0.007 30 m/B100 0.95 0.78 28.4 0.27 0.75/1.5 127 10 2008
173.3773770 0.47 ± 0.023 30 m/C150 0.93 0.65 14.2 0.067 2.0/4.0 667 66 2008
173.4060816 0.26 ± 0.018 30 m/C150 0.93 0.65 14.2 0.067 2.0/4.0 667 66 2008
173.4430648 0.23 ± 0.020 30 m/C150 0.93 0.65 14.2 0.067 2.0/4.0 667 66 2008
260.0603290 0.16 ± 0.019 30 m/C270 0.88 0.46 9.5 0.18 3.0/6.0 740 59 2008
260.0821920 0.14 ± 0.020 30 m/C270 0.88 0.46 9.5 0.18 3.0/6.0 740 59 2008
260.1335860 0.12 ± 0.017 30 m/C270 0.88 0.46 9.5 0.18 3.0/6.0 740 59 2008
260.1557690 0.06 ± 0.016 30 m/C270 0.88 0.46 9.5 0.18 3.0/6.0 740 59 2008
a Values obtained from Gaussian fits performed on the spectra using the main beam temperature scale. b Two values are given for the integration
time: the on-source time and the telescope time.
sharply peaked in the Orion Bar PDR, confirming earlier sug-
gestions that HCO is a tracer of the cloud illuminated interfaces
de Jong et al. (1980). García-Burillo et al. (2002) have mapped
HCO and H13CO+ in the nearby galaxy M 82. HCO, CO and
the ionized gas present a nested ring morphology, with the HCO
peaks being located further out compared to CO and the ring
of H ii regions. The chemistry of HCO is not well understood.
Schilke et al. (2001) concluded that it is extremely diﬃcult to un-
derstand the observed HCO abundance in PDRs with gas phase
chemistry alone. As a possible way out, they tested the produc-
tion of HCO by the photodissociation of formaldehyde. In this
model, H2CO is produced in grain mantles, and released by non-
thermal photo-desorption in the gas phase in the PDR. However,
even with this favorable hypothesis, the model cannot repro-
duce the abundance and spatial distribution of HCO because the
photo-production is most eﬃcient at an optical depth of a few
magnitudes where the photodissociation becomes less eﬀective.
In this paper, we present maps of the formyl radical ground
state lines at high angular resolution towards the Horsehead neb-
ula, and the detection of higher energy level transitions towards
two particular lines of sights, one in the PDR region and the other
in the associated dense core. These observations enable us to ac-
curately study the HCO spatial distribution and abundance. We
present the observations and data reduction in Sect. 2, while the
results and HCO abundance are given in Sect. 3, and the discus-
sion of HCO chemistry and PDR modeling is given in Sect. 4.
2. Observations and data reduction
Tables 1 and 2 summarize the observation parameters for the
data obtained with the IRAM PdBI and 30 m telescopes. The
HCO ground state lines were observed simultaneously with
H13CO+ and SiO. Frequency-switched, on-the-fly maps of the
H13CO+ J = 1–0 and HCO ground state lines (see Fig. 5), ob-
tained at the IRAM-30 m using the A100 and B100 3 mm
receivers (∼7 mm of water vapor) were used to produce the
short-spacings needed to complement a 7-field mosaic acquired
with the 6 PdBI antennae in the CD configuration (baseline
lengths from 24 to 176 m). The whole PdBI data set will be
comprehensively described in a forthcoming paper studying the
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Fig. 1. High angular resolution maps of the integrated intensity of H13CO+, HCO, CCH and vibrationally excited H2 emission. H13CO+ and HCO
have been observed simultaneously, both with the IRAM-30 m and IRAM-PdBI. Maps have been rotated by 14◦ counter-clockwise around the
projection center, located at (δx, δy) = (20′′, 0′′), to bring the illuminated star direction in the horizontal direction and the horizontal zero has been
set at the PDR edge. The emission of all lines is integrated between 10.1 and 11.1 km s−1. Displayed integrated intensities are expressed in the
main beam temperature scale. Contour levels are displayed on the grey scale lookup tables. The red vertical line shows the PDR edge and the
green crosses show the positions (DCO+ and HCO peaks) where deep integrations have been performed at IRAM-30 m (see Fig. 2). The H2 map
is taken from Habert et al. (2005).
fractional ionization across the Horsehead edge (Goicoechea
et al. 2009). The CCH data shown in Fig. 1 have been ex-
tensively described in Pety et al. (2005). The high resolution
HCO 10,1−00,0 data are complemented by observations of the
20,2−10,1 and 30,3−20,2 multiplets with the IRAM 30 m telescope
centered on the PDR and the dense core. To obtain those deep
integration spectra, we used the position switching observing
mode. The on-oﬀ cycle duration was 1 min and the oﬀ-position
oﬀsets were (δRA, δDec) = (−100′′, 0′′), i.e. the H ii region ion-
ized by σOri and free of molecular emission. Position accuracy
is estimated to be about 3′′ for the 30 m data and less than 0.5′′
for the PdBI data.
The data processing was done with the GILDAS1 soft-
wares (Pety 2005b). The IRAM-30 m data were first calibrated
to the T ∗A scale using the chopper wheel method (Penzias &
Burrus 1973), and finally converted to main beam tempera-
tures (Tmb) using the forward and main beam eﬃciencies (Feﬀ
& Beﬀ) displayed in Table 2. The resulting amplitude accu-
racy is ∼10%. Frequency-switched spectra were folded using
the standard shift-and-add method, after baseline subtraction.
The resulting spectra were finally gridded through convolution
by a Gaussian. Position-switched spectra were co-added before
baseline subtraction. Interferometric data and short-spacing data
were merged before imaging and deconvolution of the mosaic,
using standard techniques of GILDAS (see e.g. Pety et al. 2005,
for details).
3. Results and discussion
3.1. Spatial distribution
Figure 1 shows a map of the integrated intensity of the strongest
HCO line at 86.671 GHz, of the H13CO+ J = 1–0 line and of
the strongest CCH line at 87.317 GHz. Figure 2 displays high
signal-to-noise ratio spectra of several hyperfine components
of three HCO rotational transitions towards the HCO and the
DCO+ emission peaks.
Most of the formyl radical emission is concentrated in a
narrow structure, delineating the edge of the Horsehead nebula.
1 See http://www.iram.fr/IRAMFR/GILDAS for more information
about the GILDAS softwares.
Low level emission is however detected throughout the nebula,
including towards the dense core identified by its strong DCO+
and H13CO+ emission Pety et al. (2007a). The HCO emis-
sion is resolved by our PdBI observations. From 2-dimensional
Gaussian fits of the image, we estimate that the emission width
is ∼13± 4′′ in the plane of the sky. The H13CO+ emission shows
a diﬀerent pattern: most of the signal is associated with the dense
core behind the photodissociation front, and faint H13CO+ emis-
sion detected in the illuminated edge. The CCH emission pattern
is less extreme than HCO, but shows a similar enhancement in
the PDR.
In summary, the morphology of the HCO emission is remi-
niscent of the emission of the PDR tracers, either the PAH emis-
sion (Abergel et al. 2002) or the emission of small hydrocar-
bons, which is strongly enhanced towards the PDR (Teyssier
et al. 2004; Pety et al. 2005). In contrast, the HCO emission
becomes very faint where the gas is dense and shielded from
FUV radiation. These regions are associated with bright DCO+
and H13CO+ emission (Pety et al. 2007a). Our maps therefore
confirm that HCO is a PDR species.
3.2. Column densities and abundances
3.2.1. Radiative transfer models of HCO and H13CO+
Einstein coeﬃcients and upper level energies of the studied HCO
and H13CO+ lines are given in Table 3. As no collisional cross-
sections with H2 nor He have been calculated for HCO so far,
we have computed the HCO column densities assuming a sin-
gle excitation temperature Tex for all transitions. Nevertheless
our calculation takes into account thermal, turbulent and opac-
ity broadening as well as the cosmic microwave background
and line opacity Goicoechea et al. (2006). For H13CO+, de-
tailed non-local and non-LTE excitation and radiative transfer
calculations have been performed using the same approach as in
our previous PdBI CS and C18O line analysis (see Appendix in
Goicoechea et al. 2006). H13CO+-H2 collisional rate coeﬃcients
were adapted from those of Flower (1999) for HCO+, and spe-
cific H13CO+-electron rates where kindly provided by Faure &
Tennyson (in prep.).
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Fig. 2. IRAM-30 m observations (histograms) of several HCO hyperfine components of the 101–000, 202–101 and 303–202 rotational transitions
towards the PDR (“HCO peak”) and towards the dense core (“DCO+ peak”) Pety et al. (2007a). Solid lines are single-Tex radiative transfer models
of the PDR-filament (red curves) and line-of-sight cloud surface (blue curves). A sketch of the HCO rotational energy levels is also shown (right
corner).
Table 3. Einstein coeﬃcients and upper level energies.
Molecule Transition Frequency Ai j Eup
J, F−J′, F′ GHz (s−1) (K)
HCO 101−000
3/2, 2−1/2, 1 86.670760 4.69 × 10−6 4.2
3/2, 1−1/2, 0 86.708360 4.60 × 10−6 4.2
1/2, 1, 1/2, 0 86.777460 4.61 × 10−6 4.2
1/2, 0−1/2, 1 86.805780 4.71 × 10−6 4.2
202−101
5/2, 3−3/2, 2 173.3773770 4.51 × 10−5 12.5
5/2, 2−3/2, 1 173.4060816 4.43 × 10−5 12.5
3/2, 2−1/2, 1 173.4430648 3.39 × 10−5 12.5
303−202
7/2, 4−5/2, 3 260.0603290 1.63 × 10−4 25.0
7/2, 3−5/2, 2 260.0821920 1.61 × 10−4 25.0
5/2, 3−3/2, 2 260.1335860 1.45 × 10−4 25.0
5/2, 2−3/2, 1 260.1557690 1.37 × 10−4 25.0
H13CO+ J = 1–0 86.754288 3.2 × 10−5 4.2
J = 3–2 260.2553390 1.3 × 10−3 25.0
The line frequencies and intensities were extracted from the JPL Pickett
et al. (1998) and CDMS (Müller et al. 2001, 2005) molecular spec-
troscopy data bases for HCO and H13CO+ respectively.
3.2.2. Structure of the PDR in HCO and H13CO+
For more insight into the spatial variation of the HCO and
H13CO+ column densities and abundances, we have analyzed a
cut through the PDR, centered on the “HCO peak” at δy = 0′′
(see Fig. 3). The cut clearly shows that HCO is brighter than
H13CO+ in the PDR and vice-versa in the dense core. Taking
into account the diﬀerent level degeneracies of both transi-
tions (a factor of 2.4) and the fact that the associated Einstein
Fig. 3. Observations along a horizontal cut through “the HCO peak”
(histograms). The H13CO+ J = 1–0 and HCO 101−000 lines were
mapped with the PdBI at an angular resolution of 6.8′′, whereas the
H13CO+ J = 3–2 line was mapped with HERA-30 m (and smoothed to
a spatial resolution of 13.5′′). Radiative transfer models of an edge-on
cloud with a line of sight extinction of AV = 20, inclined 5◦ relative
to the line of sight for HCO (red curve), and H13CO+ (blue curves) are
shown. The single-Tex HCO model assumes a 12′′ width filament with
a column density of 3.2× 1013 cm−2, while N(HCO) is 4.6× 1012 cm−2
behind the filament. The H13CO+ model assumes a constant density of
n(H2) = 5×104 cm−3 with Tk = 60 K and N(H13CO+) = 5.8×1011 cm−2
for δx < 35′′; and Tk = 10 K and N(H13CO+) = 7.6 × 1011 cm−2 for
δx > 35′′. Modeled line profiles have been convolved with an appro-
priate Gaussian beam corresponding to each PdBI synthesized beam or
30 m main beam resolution.
coeﬃcients Ai j diﬀer by a factor ∼8 (due to the diﬀerent perma-
nent dipole moments, see Table 3), N(H13CO+) must be signifi-
cantly lower than N(HCO) towards the PDR.
We modeled the PDR as an edge-on cloud inclined by
∼5◦ relative to the line-of-sight. We have chosen a cloud depth
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of ∼0.1 pc, which implies an extinction of AV ' 20 mag for the
considered densities towards the “HCO peak”. These parameters
are the best geometrical description of the Horsehead PDR-edge
(e.g., Habart et al. 2005) and also reproduce the observed 1.2 mm
continuum emission intensity. The details of this modeling will
be presented in Goicoechea et al. (2009). In the following, we
describe in detail the determination of the column densities and
abundances for two particular positions, namely the “HCO peak”
and the “DCO+ peak” (oﬀsets relative to the map center can be
found in Table 2).
3.2.3. HCO column densities
We used the three detected rotational transitions of HCO (each
with several hyperfine components, see Fig. 2) to estimate the
HCO column densities in the direction of the “HCO” peak. We
have taken into account the varying beam dilution factors of the
HCO emission at the “HCO peak” by modeling the HCO emis-
sion as a Gaussian filament of ∼12′′ width in the δx direction,
and infinite in the δy direction. The filling factors at 260, 173
and 87 GHz are thus ∼0.8, 0.6 and 0.4, respectively.
A satisfactory fit of the IRAM–30 m data towards the “HCO
peak” is obtained for Tex ' 5 K and a turbulent velocity dis-
persion of σ = 0.225 km s−1 (FWHM = 2.355 × σ). Line pro-
files are reproduced for N(HCO) = 3.2 × 1013 cm−2 (see red
solid curves in Fig. 2). The most intense HCO lines at 86.67 and
173.38 GHz become marginally optically thick at this column
density (τ & 1). Therefore, opacity corrections need to be taken
into account. We checked that the low value of Tex (subthermal
excitation as Tk ' 60 K) is consistent with detailed excitation
calculations carried out for H13CO+ in the PDR which are de-
scribed below.
Because the HCO signals are weaker towards the
“DCO+peak”, we only detected 2 hyperfine components of the
101−000 transition. Assuming extended emission and the same
excitation temperature as for the “HCO peak”, 5 K, we fit the
observed lines with a column density of 4.6 × 1012 cm−2 (blue
solid lines in Fig. 2). Both HCO lines are optically thin at this po-
sition. This simple analysis shows that the HCO column density
is ∼7 times larger at the “HCO peak” in the PDR, than towards
the dense cold core.
3.2.4. H13CO+ column densities
Both the H13CO+ J = 3–2 and 1–0 line profiles at the “HCO
peak” are fitted with n(H2) ' 5 × 104 cm−3, Tk ' 60 K and
e−/H ' 5 × 10−5 (as predicted by the PDR models below). The
required column density is N(H13CO+) = 5.8 × 1011 cm−2. For
those conditions, the excitation temperature, Tex, of the J = 3–2
transition varies from '4 to 6 K, which supports the single-Tex
models of HCO. Both H13CO+ lines are optically thin towards
the “HCO peak”.
The H13CO+ line emission towards the “DCO+ peak” has
been studied by Pety et al. (2007a). Both H13CO+ lines are mod-
erately optically thick towards the core, and the H13CO+ column
density is N(H13CO+)' 5.0×1012 cm−2, which represents an en-
hancement of nearly one order of magnitude relative to the PDR.
According to our 1.2 mm continuum map, the extinction towards
the core is AV & 30 mag compared to 20 mag in the PDR. The
H13CO+ column density enhancement therefore corresponds to
a true abundance enhancement.
Table 4. Inferred column densities and abundances with respect to
molecular hydrogen, e.g. χ(X) = N(X)/N(H2).
Molecule Method HCO peak DCO+ peak
N(H2) [ cm−2] 1.2 mm cont. 1.9 × 1022 2.9 × 1022
N(HCO) [ cm−2] Tex = 5 K 3.2 × 1013 4.6 × 1012
N(H13CO+) [ cm−2] Full excitation 5.8 × 1011 5.0 × 1012 ∗
N(HCO+) [ cm−2] 12C/13C = 60 3.5 × 1013 3.0 × 1014
χ(HCO) 1.7 × 10−9 1.6 × 10−10 †
χ(H13CO+) 3.1 × 10−11 1.7 × 10−10
χ(HCO+) 1.8 × 10−9 1.0 × 10−8
∗ Pety et al. (2007a).
† 1.7 × 10−9 if HCO arises only from the cloud surface (AV ' 3).
3.2.5. Comparison of HCO and H13CO+ abundances
Table 4 summarizes the inferred HCO and H13CO+ column
densities and abundances towards the 2 selected positions: the
“HCO peak” in the PDR and the “DCO+ peak” in the FUV-
shielded core. Both species exhibit strong variations of their col-
umn densities and abundances relative to H2 between the PDR
and the shielded region. In the PDR, we found that both the
HCO abundance relative to H2 (χ(HCO) ' 1–2 × 10−9) and the
HCO/H13CO+ column density ratio (≈50) are high. These fig-
ures are higher than all previously published measurements (at
lower angular resolution). Besides, the formyl radical and HCO+
reach similar abundances in the PDR.
The situation is reversed towards the “DCO+ peak”, i.e. the
observed HCO/H13CO+ column density ratio is lower (≈1) than
towards the “HCO peak”. Nevertheless, while the bulk of the ob-
served H13CO+ emission arises from cold and shielded gas, the
origin of HCO emission is less clear. HCO could either (i) co-
exist with H13CO+ or (ii) arise predominantly from the line-of-
sight cloud surface. In the former case, our observations show
that the HCO abundance drops by one order of magnitude be-
tween the PDR and the dense core environment. However, it is
possible that the abundance variation is even more pronounced,
if the detected HCO emission arises from the line of sight cloud
surface. We have estimated the depth of the cloud layer, assum-
ing that HCO keeps the “PDR abundance” in this foreground
layer: a cloud surface layer of AV ' 3 (illuminated by the mean
FUV radiation field around the region) also reproduces the ob-
served HCO lines towards the cold and dense core (blue solid
lines in Fig. 2).
In this case, both the HCO abundance and the HCO/H13CO+
abundance ratio in the dense core itself will be even lower
than listed in Table 4. We have tried to discriminate between
the scenarios by comparing the HCO 101−000 (J = 3/2–1/2,
F = 2–1) and H13CO+ J = 1–0 line profiles towards this po-
sition. Both lines have been observed simultaneously with the
IRAM-30 m telescope. Because of their very similar frequen-
cies (∼86.7 GHz), the beam profile and angular resolution is ef-
fectively the same. In this situation, any diﬀerence in the mea-
sured linewidths reflects real diﬀerences in the gas kinematics
and turbulence of the regions where the line profiles are formed.
Gaussian fits of the HCO and H13CO+ lines towards “the DCO+
peak” provides line widths of Δv(HCO) = 0.81 ± 0.06 km s−1
and Δv(H13CO+) = 0.60 ± 0.01 km s−1. Therefore, even if the
H13CO+J = 1–0 lines are slightly broadened by opacity and do
not represent the true line of sight velocity dispersion, HCO
lines are broader at the 3σ level of confidence. This remark-
able diﬀerence supports the scenario (ii) where the H13CO+ line
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Fig. 4. Photochemical models of a unidimensional PDR. Upper panels show the density gradient (nH = n(H) + 2n(H2) in cm−3) used in the
calculation. Middle panels show the predicted HCO and H13CO+ abundances (relative to nH). The H13CO+ abundance inferred from observations
in the cold core (“the DCO+ peak”, see the oﬀsets in Table 2) is shown with blue lines. The HCO abundance inferred from observations in the
PDR (“the HCO peak”, see the oﬀsets in Table 2) is shown with red lines. Lower panels show the HCO/H13CO+ abundance ratio predicted by
the models whereas the HCO/H13CO+ column density ratio inferred from observations is shown as blue arrows and red lines (for the cold core
and PDR respectively). Each panel compares two diﬀerent models: left-side models show a standard chemistry (dashed curves) versus the same
network upgraded with the addition of the H2CO + photon → HCO + H photodissociation (solid curves). Right-side models show the previous
upgraded standard model (solid curves) versus a chemistry that adds the O + CH2→ HCO + H reaction with a rate of 5.01× 10−11 cm3 s−1 (dotted
curves). The inclusion of the O + CH2 reaction has almost no eﬀect on H13CO+ for the physical conditions prevailing in the Horsehead, but triggers
an increases of the HCO abundance in the PDR by two orders of magnitude.
emission towards the “the DCO+ peak” arises from the quies-
cent, cold and dense core, whereas HCO, in the same line of
sight, arises predominantly from the warmer and more turbulent
outer cloud layers. We note that the presence of a foreground
layer of more diﬀuse material (AV ∼ 2 mag) was already intro-
duced by Goicoechea et al. (2006) to fit the CS J = 2–1 scattered
line emission. The analysis of CO J = 4–3 and CI 3P1−3P0 maps
led Philipp et al. (2006) to propose the presence of a diﬀuse en-
velope, with AV ∼ 2 mag, and which contributes to about half
the mass of the dense filament traced by C18O and the dust con-
tinuum emission. The hypothesis of a surface layer of HCO is
therefore consistent with previous modeling of molecular emis-
sion of the Horsehead.
We conclude 1) that HCO and HCO+ have similar abun-
dances in the PDR; and 2) that the HCO abundance drops by at
least one order of magnitude between the dense and warm PDR
region and the cold and shielded DCO+ core.
4. HCO chemistry
4.1. Gas-phase formation: PDR models
In order to understand the HCO and H13CO+ abundances and
HCO/H13CO+ column density ratio inferred from observations,
we have modeled the steady state gas phase chemistry at the
Horsehead edge. The density distribution in the PDR is well
represented by a density gradient nH(δx) ∝ δx4, where δx
is the distance from the edge towards the cloud interior and
nH = n(H) + 2n(H2) (see the top panels of Fig. 4). The den-
sity reaches a constant nH value of 2× 105 cm−3 in an equivalent
length of ∼10′′ Habart et al. (2005); Goicoechea et al. (2006).
The cloud edge is illuminated by a FUV field 60 times the mean
interstellar radiation field (G0 = 60 in Draine units). We used
the Meudon PDR code2, a photochemical model of a unidimen-
sional PDR (see Le Bourlot et al. 1993; Le Petit et al. 2006;
Goicoechea & Le Bourlot 2007, for a detailed description). Our
standard chemical network is based on a modified version of the
Ohio State University (osu) gas-phase network, updated for pho-
tochemical studies (see Goicoechea et al. 2006). It also includes
13C fractionation reactions Graedel et al. (1982) and specific
computation of the 13CO photodissociation rate as a function of
depth. The ionization rate due to cosmic rays in the models is
ζ = 5 × 10−17 s−1. Following our previous work, we chose the
following elemental gas phase abundances: He/H = 0.1, O/H =
3 × 10−4, C/H = 1.4 × 10−4, N/H = 8 × 10−5, S/H = 3.5 × 10−6,
13C/H = 2.3 × 10−6, Si/H = 1.7 × 10−8 and Fe/H = 1.0 × 10−9.
In Fig. 4, we investigate the main gas-phase formation routes
for HCO in a series of models “testing” diﬀerent pathways lead-
ing to the formation of HCO. HCO and H13CO+ predictions are
shown in Fig. 4 (middle panels). In all models the HCO abun-
dance peaks near the cloud surface at AV ' 1.5 (δx ' 14′′)
where the ionization fraction is high (e−/H ∼ 5 × 10−5). Due
to the low abundance of metals in the model (as represented by
the low abundance of Fe), the ionization fraction in the shielded
2 Publicly available at http://aristote.obspm.fr/MIS/
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Fig. 5. Medium angular resolution maps of the
integrated intensity of the 4 hyperfine compo-
nents of the fundamental transition of HCO.
These lines have been observed simultaneously
at IRAM-30 m. Maps have been rotated by
14◦ counter-clockwise around the projection
center, located at (δx, δy) = (20′′, 0′′), to bring
the illuminated star direction in the horizontal
direction and the horizontal zero has been set at
the PDR edge. The emission of all lines is inte-
grated between 9.6 and 11.4 km s−1. Displayed
integrated intensities are expressed in the main
beam temperature scale. Contour levels are dis-
played on the grey scale lookup tables. The red
vertical line shows the PDR edge and the green
crosses show the positions (DCO+ and HCO
peaks) where deep integrations have been per-
formed at IRAM-30 m (see Fig. 2).
regions is low (e−/H . 10−8), and therefore the H13CO+ pre-
dictions matches the observed values (Goicoechea et al. 2009).
Besides, a low metalicity reduces the eﬃciency of charge ex-
change reactions of HCO+ with metals, e.g.,
Fe + HCO+ → HCO + Fe+ (1)
which are the main gas-phase formation route of HCO in the
FUV-shielded gas in our models. Hence, the HCO abundance re-
mains low inside the core. Nevertheless, even though such mod-
els do reproduce the observed HCO distribution, which clearly
peaks at the PDR position, the predicted absolute HCO abun-
dances can vary by orders of magnitude depending of the domi-
nant formation route.
In our standard model (left-side models: dashed curves), the
formation of HCO in the PDR is dominated by the dissocia-
tive recombination of H2CO+, while its destruction is dominated
by photodissociation. Even if the predicted HCO/H13CO+ abun-
dance ratio satisfactorily reproduces the value inferred from ob-
servations, the predicted HCO abundance peak is ∼3 orders of
magnitude lower than observed. In order to increase the gas-
phase formation of the HCO in the PDR we have added a new
channel in the photodissociation of formaldehyde, the produc-
tion HCO, in addition to the normal channel producing CO:
H2CO + photon→ HCO + H. (2)
This channel is generally not included in standard chemical net-
works but very likely exists Troe (2007); Yin et al. (2007). We
included this process with an unattenuated photodissociation
rate of κdiss(H2CO) = 10−9 s−1 and a depth dependence given
by exp(−1.74 AV). This is the same rate as the one given by
van Dishoeck (1988) for the photodissociation of H2CO produc-
ing CO, which is explicitly calculated for the Draine (1978) radi-
ation field. Model results are shown in Fig. 4 (left-side models:
solid curves). The inclusion of Reaction 2, which becomes the
dominant HCO formation route, increases the HCO abundance
in the PDR by a factor of ∼5. But the HCO production rate is
still too low to reproduce the abundance determined from obser-
vations.
Another plausible possibility to increase the HCO abundance
in the PDR by pure gas-phase processes is to include additional
reactions of atomic oxygen with carbon radicals that reach high
abundances only in the PDR. Among the investigated reactions,
the most critical one,
O + CH2 → HCO + H (3)
is known to proceed with a relatively fast rate at high tem-
peratures (5.01 × 10−11 cm3 s−1 at Tk = 1200–1800 K; Tsuboi
& Hashimoto 1981). This is the rate recommended by NIST
Mallard et al. (1994) and UMIST2006 Woodall et al. (2007) and
that we adopt for our lower temperature domain (∼10–200 K).
Model predictions are shown in Fig. 4 (right-side models: dot-
ted curves). While the predicted HCO abundance in the shielded
gas remains almost the same, the HCO abundance is dramati-
cally increased in the PDR (by a factor of ∼125) and the O +
CH2 reaction becomes the HCO dominant production reaction.
Therefore, such a pure gas-phase model adding reactions 2 and 3
not only reproduces the H13CO+ abundance in the shielded core,
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but also reproduces the observed HCO absolute abundances in
the PDR. In this picture, the enhanced HCO abundance that we
observe in the Horsehead PDR edge would be fully determined
by the gas-phase chemical path:
C+ −→H2 CH+2 −→H2 CH+3 −→e− CH2 −→O HCO. (4)
The validity of the rate of Reaction 3 used in our PDR model re-
mains, of course, to be confirmed theoretically or experimentally
at the typical ISM temperatures (10 to 200 K).
4.2. Other routes for HCO formation: Grain photodesorption
If Reaction 3 is not included in the chemical network, the pre-
dicted HCO abundance is ∼2 orders of magnitude below the ob-
served value towards the PDR. As a consequence, the presence
of HCO in the gas-phase should be linked to grain mantle for-
mation routes, and subsequent desorption processes (not taken
into account in our modeling). In particular, Schilke et al. (2001)
proposed that HCO could result from H2CO photodissociation,
if large quantities of formaldehyde are formed on grain mantles
and then released in the gas phase. Even with this assumption,
their model could not reproduce the observed HCO abundance
in highly illuminated PDRs such as the Orion Bar. The weaker
FUV-radiation field in the Horsehead, but high density, prevent
dust grains from acquiring high temperatures over large spatial
scales. In fact, both gas and grains cool down below ∼30 K in
'10′′–20′′ (or AV ' 1−2) as the FUV-radiation field is attenu-
ated. Therefore, thermal desorption of dust ice-mantles (presum-
ably formed before σ-Orionis ignited and started to illuminate
the nebula) should play a negligible role. Hence a non-thermal
desorption mechanism should be considered to produce the high
abundance of HCO observed in the gas phase. This mechanism
could either produce HCO directly or a precursor molecule such
as formaldehyde.
Since high HCO abundances are only observed in the
PDR, FUV induced ice-mantle photo-desorption (with rates that
roughly scale with the FUV-radiation field strength) seems the
best candidate (e.g., Willacy & Williams 1993; Bergin et al.
1995). Laboratory experiments have shown that HCO radicals
are produced in irradiated, methanol containing, ice mantles
Bernstein et al. (1995); Moore et al. (2001); Bennett & Kaiser
(2007). The formyl radical could be formed through the hydro-
genation of CO in the solid phase. It is an important intermediate
radical in the synthesis of more complex organic molecules such
as methyl formate or glycolaldehyde Bennett & Kaiser (2007).
However, the eﬃciency of the production of radicals in FUV ir-
radiated ices remains uncertain, and very likely depends on the
ice-mantle composition. The formation of species like formalde-
hyde and methanol in CO-ice exposed to H-atom bombardment
has been reported by diﬀerent groups Hiraoka et al. (1994);
Watanabe et al. (2002); Linnartz et al. (2007), further confirming
the importance of HCO as an intermediate product in the synthe-
sis of organic molecules in ices. Indeed, hydrogenation reactions
of CO-ice, which form HCO, H2CO, CH3O and CH3OH in grain
mantles (e.g., Tielens & Whittet 1997; Charnley et al. 1997), are
one important path which warrants further studies.
To compare with our observations, we further need to un-
derstand how the radicals are released in the gas phase, either
directly during the photo-processing, or following FUV induced
photo-desorption. Recent laboratory measurements have started
to shed light on the eﬃciency of photo-desorption, which de-
pends on the ice composition and molecule to be desorbed.
For species such as CO, the rate of photo-desorbed molecules
per FUV photon is much higher than previously thought
(e.g., Öberg et al. 2007). Similar experiments are required to
constrain the formation rate of the various species that can form
in interstellar ices and to determine their photo-desorption rates.
We can use the measured gas phase abundance of HCO to
constrain the eﬃciency of photo-desorption. We assume that the
PDR is at steady state, and that the main HCO formation mecha-
nism is non thermal photo-desorption from grain mantles (with a
FHCO rate), while the main destruction mechanism is gas-phase
photodissociation (with a DHCO rate), therefore:
DHCO = G0 κdiss(HCO) χ(HCO) n(H2) [cm−3 s−1] (5)
FHCO = G0 κpd(HCO) χ(HCOice) n(H2Oice)
n(H2) n(H2) [cm
−3 s−1] (6)
where χ(HCO) is the gas phase abundance of HCO relative
to H2, χ(HCOice) is the solid phase abundance relative to wa-
ter ice, and n(H2Oice)/n(H2) is the fraction of water in the solid
phase relative to the total gas density. κdiss(HCO) and κpd(HCO)
are the HCO photodissociation and photo-desorption rates re-
spectively.
By equaling the formation and destruction rates, we get:
κpd(HCO) = κdiss(HCO) χ(HCO)
χ(HCOice)
n(H2)
n(H2Oice) [s
−1] (7)
or
κpd(HCO)
s−1
≈ 10−12 κdiss(HCO)
10−9
χ(HCO)/10−9
χ(HCOice)/10−2
10−4n(H2)
n(H2Oice) (8)
where we have used typical figures for the HCO abundance in
the gas phase (∼10−9, see above) and solid phase (∼10−2 see e.g.
Bennet & Kaiser 2007) and for the amount of oxygen present as
water ice in grain mantles.
Assuming standard ISM grains with a radius of 0.1μm the
required photodesorption eﬃciency (or yield) Ypd(HCO):
Ypd(HCO) ' κpd(HCO)G0 exp(−2AV) πa2 [molecules photon
−1] (9)
(see e.g., d’Hendecourt et al. 1985; Bergin et al. 1995) converts
to Ypd(HCO) ≈ 10−4 molecules per photon (for the FUV radia-
tion field in the Horsehead and AV ' 1.5, where HCO peaks).
Therefore, the production of HCO in the gas phase from photo-
desorption of formyl radicals could be a valid alternative to gas
phase production, if the photo-desorption eﬃciency is high and
HCO abundant in the ice mantles. This mechanism also requires
further laboratory and theoretical studies.
Because the formyl radical is closely related to formalde-
hyde and methanol and the three species are likely to coexist in
the ice mantles, a combined analysis of the H2CO, CH3OH and
HCO line emissions towards the Horsehead nebula (PDR and
cores) is needed to provide more information on the relative eﬃ-
ciencies of gas-phase and solid-phase routes in the formation of
complex organic molecules in environments dominated by FUV-
radiation. This will be the subject of a future paper.
5. Summary and conclusions
We have presented interferometric and single-dish data show-
ing the spatial distribution of the formyl radical rotational lines
in the Horsehead PDR and associated dense core. The HCO
emission delineates the illuminated edge of the nebula and coin-
cides with the PAH and hydrocarbon emission. HCO and HCO+
reach similar abundances ('1−2 × 10−9) in these PDR regions
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where the chemistry is dominated by the presence of FUV pho-
tons. For the physical conditions prevailing in the Horsehead
edge, pure gas-phase chemistry is able to reproduce the observed
HCO abundances (high in the PDR, low in the shielded core) if
the O + CH2 → HCO + H reaction is included in the models.
This reaction connects the high abundance of HCO, through its
formation from carbon radicals, with the availability of C+ in
the PDR.
The diﬀerent linewidths of HCO and H13CO+ in the line of
sight towards the “DCO+ peak” suggest that the H13CO+ line
emission arises from the quiescent, cold and dense gas com-
pletely shielded from the FUV radiation, whereas HCO predom-
inantly arises from the outer surface of the cloud (its illuminated
skin). As a result we propose the HCO/H13CO+ abundance ra-
tio, and the HCO abundance itself (if &10−10), as sensitive di-
agnostics of the presence of FUV radiation fields. In particular,
regions where the HCO/H13CO+ abundance ratio (or intensity
ratio if lines are optically thin) is greater than '1 should reflect
ongoing FUV-photochemistry.
Given the rich HCO spectrum and the possibility of map-
ping its bright millimeter line emission with interferometers, we
propose HCO-H2 as a very interesting molecular system for cal-
culations of the ab initio inelastic collision rates.
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ABSTRACT
Aims. For the first time we investigate the role of the grain surface chemistry in the Horsehead photo-dissociation region (PDR).
Methods. We performed deep observations of several H2CO rotational lines toward the PDR and its associated dense-core in the
Horsehead nebula, where the dust is cold (Tdust ' 20−30 K). We complemented these observations with a map of the p-H2CO 303−202
line at 218.2 GHz (with 12′′ angular resolution). We determine the H2CO abundances using a detailed radiative transfer analysis and
compare these results with PDR models that include either pure gas-phase chemistry or both gas-phase and grain surface chemistry.
Results. The H2CO abundances ('2–3 × 10−10) with respect to H-nuclei are similar in the PDR and dense-core. In the dense-core the
pure gas-phase chemistry model reproduces the observed H2CO abundance. Thus, surface processes do not contribute significantly to
the gas-phase H2CO abundance in the core. In contrast, the formation of H2CO on the surface of dust grains and subsequent photo-
desorption into the gas-phase are needed in the PDR to explain the observed gas-phase H2CO abundance, because the gas-phase
chemistry alone does not produce enough H2CO. The assignments of diﬀerent formation routes are strengthen by the diﬀerent mea-
sured ortho-to-para ratio of H2CO: the dense-core displays the equilibrium value (∼3) while the PDR displays an out-of-equilibrium
value (∼2).
Conclusions. Photo-desorption of H2CO ices is an eﬃcient mechanism to release a significant amount of gas-phase H2CO into the
Horsehead PDR.
Key words. astrochemistry – ISM: clouds – ISM: molecules – ISM: individual objects: Horsehead nebula – radiative transfer –
radio lines: ISM
1. Introduction
Photo-dissociation region (PDR) models are used to understand
the evolution of the far-UV illuminated matter both in our
Galaxy and in external galaxies. The spectacular instrumental
improvements, which happen in radioastronomy with the advent
of Herschel, ALMA and NOEMA, call for matching progresses
in PDR modeling. In particular, the physics and chemistry of the
dust grains and of the gas-phase are intricately intertwined. It is
well known that the formation of ice grain mantles leads to the
removal of chemical reservoirs like CO, O, and other abundant
species from the gas phase, enabling new chemical routes to be
opened and others to be closed. Despite their low temperature,
the mantles are chemically active. Hydrogenation/deuterationre-
actions are known to be eﬃcient, because hydrogen (or deu-
terium atoms) can migrate on the surfaces, but reactions with
O, N, and C must also be considered. Complex molecules may
therefore be formed before they are released into the gas phase.
Moreover, the release of the products into the gas phase happens
either through thermal processes (evaporation) or non-thermal
ones (cosmic ray or far-UV photon-induced desorption). Recent
photo-desorption experiments on water and CO ices show that
this mechanism is much more eﬃcient than previously thought
(Öberg et al. 2009b,a; Muñoz Caro et al. 2010). These results
led various groups to include photo-desorption into PDR models
(see the results on H2O and O2 by Hollenbach et al. 2009; Walsh
et al. 2010; Hassel et al. 2010). The availability of well-defined
observations is essential here to distinguish between chemical
assumptions about the significant grain surface processes, i.e.,
adsorption, desorption, and diﬀusion. It is now confirmed that
some interstellar species are mostly formed in the gas-phase (CO
for instance), others on grains (CH3OH, Garrod et al. 2007),
while the chemical routes for other complex species such as
formaldehyde, are still debated because it is likely that solid and
gas-phase processes are both needed.
Formaldehyde (H2CO) was the first organic molecule dis-
covered in the interstellar medium (Snyder et al. 1969). It is a
relatively simple organic molecule that can be formed in the gas-
phase and on the surface of dust grains. In the warm gas, H2CO
can trigger the formation of more complex organic molecules
(Charnley et al. 1992). It is one of the most popular molecules
used for studying the physical conditions of the gas in astro-
physical sources. Indeed, it is a good probe of the temperature
and density of the gas (Mangum & Wootten 1993). Owing to its
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Table 1. Observation parameters for the maps shown in Fig. 1.
Molecule Transition Frequency Instrument Beam PA Vel. resol. Int. time Tsys Noise Obs. date
GHz arcsec ◦ km s−1 hours K (T ∗A) K (Tmb)
Continuum at 1.2 mm 30m/MAMBO 11.7 × 11.7 0 – – – – –
DCO+ 3–2 216.112582 30m/HERA 11.4 × 11.4 0 0.11 1.5/2.0a 230 0.10 2006 Mar.
p-H2CO 303−202 218.222190 30m/HERA 11.9 × 11.9 0 0.05 2.1/3.4a 280 0.32 2008 Jan.
HCO 10,1 3/2, 2−00,0 1/2, 1 86.670760 PdBI/C&D 6.69 × 4.39 16 0.20 6.5b 150 0.09c 2006–2007
Notes. The projection center of all maps is α2000 = 05h40m54.27s, δ2000 = −02◦28′00′′ . (a) Two values are given for the integration time: the
on-source time and the telescope time. (b) On-source time computed as if the source were always observed with six antennae. (c) The noise values
quoted here are the noises at the mosaic phase center (mosaic noise is inhomogeneous because of the primary beam correction; it steeply increases
at the mosaic edges).
Table 2. Observation parameters of the deep integrations of the o-H2CO and p-H2CO lines toward the PDR and the dense-core.
Position Molecule Transition ν Line area Instrument Feﬀ Beﬀ Int. time Tpeak rms S/N
[GHz] K km s−1 hours K (Tmb) K
o-H2CO 212−111 140.839 1.75± 0.02 30-m/C150 0.93 0.70 1.9 1.87 0.061 31
p-H2CO 202−101 145.603 1.32± 0.02 30-m/D150 0.93 0.69 1.9 1.61 0.047 34
o-H2CO 211−110 150.498 1.41± 0.02 30-m/C150 0.93 0.68 1.4 1.52 0.053 29
PDR o-H2CO 313−212 211.211 1.24± 0.03 30-m/B230 0.91 0.57 1.1 1.46 0.096 15
p-H2CO 303−202 218.222 0.77± 0.01 30-m/B230 0.91 0.55 3.9 1.11 0.052 21
p-H2CO 322−221 218.476 0.17± 0.01 30-m/B230 0.91 0.55 2.0 0.27 0.055 5
o-H2CO 312−211 225.698 0.84± 0.02 30-m/A230 0.91 0.54 6.5 1.12 0.079 14
o-H2CO 212−111 140.839 2.56± 0.01 30-m/C150 0.93 0.70 3.7 3.46 0.036 96
p-H2CO 202−101 145.603 1.75± 0.02 30-m/D150 0.93 0.69 1.9 2.62 0.044 60
o-H2CO 211−110 150.498 1.89± 0.01 30-m/C150 0.93 0.68 1.5 2.52 0.052 49
o-H2CO 313−212 211.211 1.93± 0.02 30-m/B230 0.91 0.57 2.0 3.02 0.065 47
p-H2CO 303−202 218.222 1.03± 0.01 30-m/B230 0.91 0.55 3.0 1.83 0.057 32
p-H2CO 322−221 218.476 0.04± 0.01 30-m/B230 0.91 0.55 4.5 0.06 0.037 2
Dense-core o-H2CO 312−211 225.698 1.27± 0.02 30-m/A230 0.91 0.54 8.4 1.96 0.073 27
o-H132 CO 212−111 137.450 0.09± 0.02 30-m/D150 0.95 0.70 2.0 0.11 0.063 2
p-H132 CO 202−101 141.984 0.10± 0.01 30-m/D150 0.95 0.70 1.5 0.11 0.060 2
HDCO 211−110 134.285 0.13± 0.01 30-m/C150 0.94 0.71 2.0 0.32 0.042 8
HDCO 312−211 201.341 0.05± 0.01 30-m/A230 0.91 0.59 3.5 0.13 0.032 4
p-D2CO 212−111 110.838 0.04± 0.01 30-m/A100 0.95 0.75 4.9 0.08 0.031 3
o-D2CO 404−303 231.410 0.04± 0.01 30-m/A230 0.91 0.53 4.5 0.09 0.068 1
large dipole moment (2.3 Debye), its rotational lines are easy to
detect from ground-based observations. It is present in a vari-
ety of environments, such as Galactic HII regions (e.g., Downes
et al. 1980), proto-stellar cores (e.g., Young et al. 2004; Maret
et al. 2004), young stellar objects (e.g., Araya et al. 2007), PDRs
(e.g., Leurini et al. 2010), starburst galaxies (e.g., Mangum et al.
2008) and comets (e.g., Snyder et al. 1989; Milam et al. 2006).
The Horsehead PDR is particularly well-suited to investi-
gate grain surface chemistry in a UV irradiated environment. It
is viewed nearly edge-on (Habart et al. 2005) at a distance of
400 pc (implying that 10′′ correspond to 0.02 pc). Thus, it is
possible to study the interaction of far-UV radiation with dense
interstellar clouds and the transition from warm to cold gas in a
PDR with a simple geometry, very close to the prototypical kind
of source needed to serve as a reference to chemical models. Its
relatively low UV illumination (χ = 60 in Draine units, Draine
1978) and high density (nH ∼ 104−105 cm−3) implies low dust
grain temperatures, from Tdust ∼ 30 K in the PDR to Tdust ∼ 20 K
deeper inside the cloud (Goicoechea et al. 2009a). The release
of the grain mantle products into the gas phase is consequently
dominated by photo-desorption, while regions with warmer dust
(the Orion bar or the star-forming cores) provide mixed infor-
mation on the thermal and non-thermal processes (e.g., Bisschop
et al. 2007).
In this paper we present deep observations of several
formaldehyde lines toward two particular positions in the
Horsehead nebula: the PDR, corresponding to the peak of the
HCO emission (Gerin et al. 2009), where the gas is warm (Tkin ∼
60 K); and the dense-core, a cold (Tkin ≤ 20 K) condensation lo-
cated less than 40′′ away from the PDR edge, where HCO+ is
highly deuterated (Pety et al. 2007). We present the observations
and data reduction in Sect. 2, while the results and abundances
are given in Sect. 3. In Sect. 4 we present the H2CO chemistry
and PDR modeling. A discussion is given in Sect. 5 and we con-
clude in Sect. 6.
2. Observations and data reduction
Tables 1 and 2 summarize the observation parameters for
the data obtained with the IRAM-30 m and PdBI telescopes.
Figure 1 displays the p-H2CO, HCO, DCO+ and 1.2 mm contin-
uum maps. The p-H2CO line was mapped during 3.3 h of good
winter weather (∼1 mm of water vapor) using the first polariza-
tion (i.e. nine of the eighteen available pixels) of the IRAM-
30m/HERA single-sideband multi-beam receiver. We used the
frequency-switched, on-the-fly observing mode. We observed
along and perpendicular to the direction of the exciting star in
zigzags (i.e. ± the lambda and beta scanning direction). The
multi-beam system was rotated by 9.6◦ with respect to the scan-
ning direction. This ensured Nyquist sampling between the rows
except at the edges of the map. The fully sampled part of the map
covered a 150′′ × 150′′ portion of the sky. A detailed description
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Fig. 1. Integrated intensity maps of the Horsehead edge. The intensi-
ties are expressed in the main-beam temperature scale. Maps were ro-
tated by 14◦ counter-clockwise around the projection center, located at
(δx, δy) = (20′′ , 0′′), to bring the exciting star direction in the horizontal
direction and the horizontal zero was set at the PDR edge, delineated
by the red vertical line. The crosses show the positions of the PDR
(green) and the dense-core (blue), where deep integrations were per-
formed at IRAM-30m (see Fig. 3). The spatial resolution is plotted in
the bottom left corner. Values of contour levels are shown on each im-
age lookup table. The emission of all lines is integrated between 10.1
and 11.1 km s−1.
of the HCO, DCO+ and 1.2 mm continuum observations and
data reductions can be found in Gerin et al. (2009), Pety et al.
(2007), and Hily-Blant et al. (2005).
We performed deep integrations of o-H2CO and p-H2CO
low-energy rotational lines (see Figs. 2 and 3) centered on the
PDR and the dense-core. To obtain these deep integration spec-
tra, we used the position-switching observing mode. The on-oﬀ
cycle duration was 1 min and the oﬀ-position oﬀsets were (δRA,
δ Dec) = (−100′′, 0′′), i.e. the H ii region ionized by σOri and
free of molecular emission. From our knowledge of the IRAM-
30 m telescope we estimate the absolute position accuracy to
be 3′′.
The data processing was made with the GILDAS1 soft-
wares (Pety 2005). The IRAM-30m data were first calibrated
to the T ∗A scale using the chopper-wheel method (Penzias &
Burrus 1973), and finally converted to main-beam temperatures
(Tmb) using the forward and main-beam eﬃciencies (Feﬀ and
Beﬀ) displayed in Table 2. The resulting amplitude accuracy is
∼ 10%. Frequency-switched spectra were folded using the stan-
dard shift-and-add method before baseline subtraction. The re-
sulting spectra were finally gridded through convolution with a
Gaussian to obtain the maps.
3. Results
3.1. H2CO spatial distribution
The 218.2 GHz p-H2CO integrated line-intensity map is shown
in Fig. 1 together with the 86.7 GHz HCO, 216.1 GHz DCO+
1 See http://www.iram.fr/IRAMFR/GILDAS for more information
about the GILDAS softwares.
Table 3. Spectroscopic parameters of the observed lines obtained from
the CDMS data base (Müller et al. 2001).
Molecule Transition ν Eu Aul gu
[GHz] [K] [s−1]
o-H2CO 212−111 140.839 21.92 5.3 × 10−5 15
p-H2CO 202−101 145.603 10.48 7.8 × 10−5 5
o-H2CO 211−110 150.498 22.62 6.5 × 10−5 15
o-H2CO 313−212 211.211 32.06 2.3 × 10−4 21
p-H2CO 303−202 218.222 20.96 2.8 × 10−4 7
p-H2CO 322−221 218.476 68.09 1.6 × 10−4 7
o-H2CO 312−211 225.698 33.45 2.8 × 10−4 21
o-H132 CO 212−111 137.450 10.51 4.9 × 10−5 15
p-H132 CO 202−101 141.984 2.37 7.2 × 10−5 5
HDCO 211−110 134.285 17.63 4.6 × 10−5 5
HDCO 312−211 201.341 27.29 2.0 × 10−4 7
o-D2CO 212−111 110.838 13.37 2.6 × 10−5 5
p-D2CO 404−303 231.410 27.88 3.5 × 10−4 18
Fig. 2. Lower energy rotational levels of para- (left) and ortho-H2CO
(right). The energy above para ground-state is shown at the left of each
level. The arrows indicate the transitions detected in the Horsehead.
integrated line-intensity maps and the 1.2 mm continuum-
emission map. Formaldehyde emission is extended throughout
the Horsehead with a relatively constant intensity. The H2CO
spatial distribution ressembles the 1.2 mm continuum emission:
it follows the top of the famous Horsehead nebula from its front
to its mane. It also delineates the throat of the Horsehead. The
peak of the H2CO emission spatially coincides with the peak
of the DCO+ emission, which arises from a cold dense-core.
However, H2CO emission is also clearly present along the PDR,
which is traced by the HCO emission. The PDR and dense-core,
namely the peaks of the HCO and DCO+ emission are shown
with green and blue crosses respectively. Gaussian fits of the
H2CO lines at the HCO peak result in broader line widths than at
the DCO+ peak. That the lines are broader in the PDR confirms
that H2CO lines toward the DCO+ peak arise from the dense-
core rather than from the illuminated surface of the cloud. There
is a peak in the H2CO emission toward the north-west region of
the nebula, near the edge of the PDR, where two protostars have
been identified (B33-1 and B33-28, Bowler et al. 2009). These
protostars heat the dust around them, so it is likely that H2CO
has been evaporated from the grain ice mantles.
3.2. H2CO column density
We computed the column densities of H2CO at the PDR and the
dense-core positions. For this we first used the H132 CO lines to
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Fig. 3. Radiative transfer modeling of H2CO lines for two positions toward the Horsehead. Two left columns: the PDR position (Tkin = 60 K,
n(H2) = 6 × 104 cm−3, N(o-H2CO) = 7.2 × 1012 cm−2) and two right columns: the dense-core position (Tkin = 20 K, n(H2) = 105 cm−3,
N(o-H2CO) = 9.6 × 1012 cm−2). The two top rows display the ortho lines, for which we varied the column density around the best match (red
curve) by a factor of 1.5 (blue curve) and 1/1.5 (green curve). The two bottom rows display the para lines, for which we kept the column density
of the best match for o-H2CO (red curves) constant and varied the ortho-to-para ratio of H2CO: o/p = 1.5 (dashed blue), o/p = 2 (dashed red) and
o/p = 3 (dashed green).
estimate the optical depth of the H2CO lines. Then, we made a
first estimate of the column densities and excitation temperatures
using rotational diagrams. Finally, we used these first estimates
as an input for a detailed nonlocal non-LTE excitation and ra-
diative transfer analysis to compute the H2CO abundances. The
spectroscopic parameters for the detected transitions (shown in
Fig. 2) are given in Table 3. We assumed that the emission is
extended and fills the 30 m beam, as shown by the map of the
303−202 transition (see Fig. 1).
3.2.1. Opacity of the H2CO lines
We detected two transitions of the formaldehyde isotopologue
H132 CO in the dense-core position (see upper panels in Fig. 4).
By comparing the flux between H2CO and H132 CO for the same
transition it is possible to estimate the opacity of the H2CO line,
assuming that the H132 CO line is optically thin, as follows:
FH2CO
FH132 CO
=
[12C]
[13C]β (1)
where β is the escape probability function, which in the case of
a homogeneous slab of gas (de Jong et al. 1980) is equal to
β =
1 − exp(−3τ)
3τ · (2)
The isotopic abundance ratio 12C/13C ' 60 (Langer & Penzias
1990; Savage et al. 2002) is almost twice the line intensity ratio
between formaldehyde and its isotopologue, and therefore the
H2CO lines have moderate opacities. From the observations we
estimate τ212−211 ∼ 1.6 and τ202−101 ∼ 1.9 for H2CO in the dense-
core.
3.2.2. Rotational diagram analysis
First-order estimates of the beam-averaged column densities and
the rotational temperatures can be found by means of the widely
used rotational diagram analysis (Goldsmith & Langer 1999).
To do this, we assume that the gas is under LTE, and therefore
all excitation temperatures are the same, and the energy levels
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Fig. 4. H132 CO and deuterated H2CO lines detected toward the dense-
core. Gaussian fits are shown with red lines. For HDCO and D2CO the
line width was fixed to the width of the HDCO (211−110) line, because
it has the best signal-to-noise ratio.
are populated following Boltzmann’s law. We built rotational di-
agrams corrected for line-opacity eﬀects through
ln
Nthinu
gu
+ ln Cτ = ln
N
Z
− EukTrot , (3)
where N is the total column density of the molecule, gu is the
level degeneracy, Eu/k is the energy of the upper level in K,
Z is the partition function at the rotational temperature Trot,
Cτ = τ1−e−τ ≤ 1 is a line-opacity correction factor, where τ is
the opacity of the line, and Nthinu is the column density of the up-
per level for an optically thin line when the source fills the beam.
This last parameter is given by
Nthinu =
8πkν2W
hc3Aul
, (4)
where k is the Boltzmann constant, ν is the line frequency, W
is the integrated line intensity, h is the Planck constant, c is the
speed of light and Aul is the Einstein coeﬃcient for spontaneous
emission.
Ortho- and para forms of H2CO are treated as diﬀerent
species because radiative transitions between them are forbid-
den. Resulting rotational diagrams are shown in Fig. 5 for
three diﬀerent o-H2CO (212−111) and p-H2CO (202−101) line-
opacities (τ = 0, 1 and 5). We find column densities of N ∼
1012−1013 cm−2, depending on the opacity. We infer very dif-
ferent rotational temperatures for o-H2CO (Trot ∼ 4−8 K) and
p-H2CO (Trot ∼ 10−30 K), which are also lower than the well-
known conditions in the PDR (Tkin ∼ 60 K) and in the dense-
core (Tkin ∼ 20 K). This suggests that the gas is far from ther-
malization, and therefore we used these column densities and
rotational temperatures as an input for a more complex analysis
to derive the H2CO column densities.
Fig. 5. H2CO rotational diagrams corrected for line-opacity eﬀects at
the PDR and dense-core position. Rotational temperatures are shown
for each considered opacity.
Table 4. H2CO critical densities (cm−3) for three diﬀerent colliding
partners computed for Tkin = 60 K.
JKaKc p-H2 o-H2 He
202 7.2 × 105 3.6 × 105 1.3 × 106
303 1.6 × 106 9.9 × 105 4.2 × 106
322 5.8 × 105 4.7 × 105 2.5 × 106
212 3.7 × 105 2.5 × 105 8.1 × 105
211 4.3 × 105 2.2 × 105 8.7 × 105
313 9.7 × 105 7.0 × 105 2.3 × 106
312 1.3 × 106 7.9 × 105 3.2 × 106
3.2.3. Radiative transfer models
The critical density of a given collisional partner corresponds
to the density at which the sum of spontaneous radiative de-
excitation rates is equal to the sum of collisional de-excitation
rates (γ) of a given level
ncr(JKaKc , Tkin) =
∑
J′K′aK′c
A(JKaKc → J′K′aK′c )
∑
J′K′aK′c
γ(JKaKc → J′K′aK′c , Tkin)
· (5)
Formaldehyde lines have high critical densities (∼106 cm−3,
see Table 4) compared to the H2 density in the Horsehead
(∼104−105 cm−3). Because we expect subthermal emission
(Tex  Tkin) for transitions with high critical densities com-
pared to the H2 density, we used a nonlocal non-LTE radiative
transfer code adapted to the Horsehead geometry to model the
observed H2CO line intensities (Goicoechea et al. 2006). We
used a nonlocal code to take into account the radiative coupling
between diﬀerent cloud positions that might aﬀect the popula-
tion of the energy levels. The code is able to predict the line
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Table 5. Column densities and abundances.
Molecule PDR Dense-core
NH 3.8 × 1022 6.4 × 1022
N(o-H2CO) 7.2 × 1012 9.6 × 1012
Column densities N(p-H2CO) 3.6 × 10
12 3.2 × 1012
[ cm−2] N(HCO)
a 3.2 × 1013 <4.6 × 1012
N(HDCO)b – 1.6 × 1012
N(o-D2CO)b – 5.1 × 1011
N(p-D2CO)b – 5.1 × 1011
[o-H2CO] 1.9 × 10−10 1.5 × 10−10
Abundances [p-H2CO] 9.5 × 10
−11 5.0 × 10−11
[X] = N(X)(N(H)+2 N(H2))
[HCO] 8.4 × 10−10 <7.2 × 10−11
[HDCO] – 2.5 × 10−11
[D2CO] – 1.6 × 10−11
Notes. (a) Gerin et al. (2009). (b) For Tex = 6 K (LTE).
profiles. It takes into account line trapping, collisional excita-
tion and radiative excitation by absorption of cosmic microwave
background and dust continuum photons. We included 40 ro-
tational levels for o-H2CO and 41 rotational levels for p-H2CO,
where the maximum energy level lies at ∼285 K for both species.
We considered o-H2, p-H2 and He as collision partners with the
following collisional excitation rates:
– collisional rates of o-H2CO and p-H2CO with He are taken
from Green (1991);
– collisional rates of o-H2CO with o-H2 and p-H2 from
Troscompt et al. (2009) for the first 10 energy levels, i.e.
Eu ≤ 50 K. We complemented these data with He col-
lision rates of Green (1991) scaled to H2. Following the
new H2CO−H2 collisional rate calculations, we scaled the
H2CO−He rates by a factor 2.5 instead of the usual ∼1.4
mass factor (A. Faure, priv. comm.);
– collisional rates of p-H2CO with o-H2 and p-H2 from
Troscompt et al. (to be submitted).
Results are presented in Fig. 3 for three diﬀerent column den-
sities. Best matches (see Table 5) are for column densities
of N(o-H2CO) = 7.2 × 1012 cm−2 and N(p-H2CO) =
3.6 × 1012 cm−2 in the PDR position, and N(o-H2CO) =
9.6 × 1012 cm−2 and N(p-H2CO) = 3.2 × 1012 cm−2 in the dense-
core position. In the excitation- and radiative transfer models we
adopt an H2 ortho-to-para ratio of 3 (high-temperature limit),
although it is likely that the ortho-to-para ratio is lower in the
Horsehead (e.g., Habart et al. 2011). Indeed, the H2CO col-
umn densities are not sensitive to the change of the H2 ortho-
to-para ratio for the physical conditions of the Horsehead (see
Appendix A).
3.3. H2CO ortho-to-para ratio
The ratio between the column densities of o-H2CO and p-H2CO
provides information about the formation of the molecule, be-
cause the characteristic conversion time from one symmetry
state to the other is longer than the H2CO lifetime (Tudorie et al.
2006). When the molecule forms in the gas-phase, a ratio of 3
is expected, which corresponds to the statistical weight ratio be-
tween the ground states of the ortho- and para species. A ratio
lower than 3 is expected when the molecule is formed on the
surface of cold (Tdust . 20 K) dust grains (Kahane et al. 1984;
Dickens & Irvine 1999). From the derived column densities we
infer H2CO ortho-to-para ratios of ∼2 in the PDR and of ∼3
in the dense-core. This suggests that in the dense-core H2CO is
mainly formed in the gas-phase, whereas in the PDR H2CO is
formed on the surface of dust grains. Dickens & Irvine (1999)
measured H2CO ortho-to-para ratios between 1.5 and 2 toward
star-forming cores with outflows, and ratios near 3 toward three
quiescent cores. Jørgensen et al. (2005) also found an ortho-to-
para ratio of 1.6 in the envelopes around low-mass protostars.
3.4. HDCO and D2CO column densities
We detected HDCO and D2CO in the dense-core (see two bot-
tom rows in Fig. 4), and we estimated their abundances assum-
ing LTE. For Tex = 6 K we obtain N(HDCO) = 1.6× 1012 cm−2,
N(D2CO) = 5.1×1011 cm−2 and a D2CO ortho-to-para ratio of 1,
which translates into relative abundances or fractionation levels
[HDCO]/[H2CO] = 0.11 and [D2CO]/[H2CO] = 0.04 for the
inferred formaldehyde column densities in the dense-core.
Deuterium fractionation can occur in the gas-phase by means
of ion-molecule reactions, where D is transferred from HD to
other species. High abundances of deuterated molecules com-
pared to the elemental D/H abundance (∼1.5 × 10−5, Linsky
et al. 2006) have been observed in diﬀerent astrophysical en-
vironments, from cold dense cores and hot molecular cores
even to PDRs. Pety et al. (2007) found high deuteration
([DCO+]/[HCO+] > 0.02) in the Horsehead dense-core. A pure
gas-phase chemical model was able to reproduce the observed
fractionation level of HCO+ for Tkin ≤ 20 K. Parise et al. (2009)
found high fractionation levels for DCN and HDCO toward the
Orion Bar PDR ([XD]/[XH] ∼ 0.01). They found that these ra-
tios are consistent with pure gas-phase chemistry models where
the gas is warm (>50 K), so the deuterium chemistry is driven
mainly by CH2D+, as opposed to colder regions (.20 K) like the
Horsehead dense-core, where H2D+ is the main actor. Owing to
the low temperature in the core it is likely that a non-negligible
fraction of CO is frozen on the dust grains, enhancing the deu-
terium fractionation.
Another way to form deuterated molecules in cold environ-
ments is trough D addition or H-D substitution reactions on the
surface of dust grains (Hidaka et al. 2009). In the Horsehead core
though, desorption from the grain mantles is not eﬃcient in re-
leasing products into the gas-phase (see Sect. 4). It is then more
likely that the gas-phase HDCO and D2CO molecules detected
here are formed in the gas-phase. Nevertheless, there can still be
a considerable amount of deuterated H2CO trapped in the ices
around dust grains.
4. H2CO chemistry
We used a one-dimensional, steady-state photochemical model
(Le Bourlot et al. 1993; Le Petit et al. 2006) to study the H2CO
chemistry in the Horsehead. The physical conditions have al-
ready been constrained by our previous observational studies
and we keep the same assumptions for the density profile (dis-
played in the upper panel of Fig. 6), radiation field (χ = 60
in Draine units), elemental gas-phase abundances (see Table 6
in Goicoechea et al. 2009b) and cosmic ray ionization rate
(ζ = 5 × 10−17 s−1).
Unlike other organic molecules like methanol, which can
only be eﬃciently formed on the surface of grains (Tielens &
Whittet 1997; Woon 2002; Cuppen et al. 2009), formaldehyde
can be formed in both the gas-phase and on the surface of grains.
Next, we investigate these two diﬀerent scenarios.
4.1. Pure gas-phase chemistry models
We used the Ohio State University (osu) pure gas-phase chemi-
cal network upgraded to photochemical studies. We included the
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Fig. 6. Photochemical model of the Horsehead PDR. Upper panel: PDR
density profile (nH = n(H) + 2n(H2) in cm−3). Middle panel: predicted
abundance (relative to nH) of H2CO (blue) and HCO (red). Lower panel:
predicted HCO/H2CO abundance ratio. In the two bottom panels, mod-
els shown as solid lines include pure gas-phase chemistry and models
shown as dashed lines include gas-phase as well as grain surface chem-
istry. The horizontal bars show the measured H2CO abundances and
abundance ratios.
photo-dissociation of HCO and of H2CO (leading to CO and H2)
with rates of 1.1×10−9 exp(−0.8AV) and 10−9 exp(−1.74AV) s−1,
respectively (van Dishoeck 1988). We also included the H2CO
photo-dissociation channel that leads to HCO and H (see e.g.,
Yin et al. 2007; Troe 2007) with the same rate of the one that
leads to CO and H2, and the atomic oxygen reaction with the
methylene radical (CH2) to explain the high abundance of HCO
in the PDR (Gerin et al. 2009).
The predicted HCO and H2CO abundance profiles and the
HCO/H2CO abundance ratio are shown as solid lines in Fig. 6
(middle and lower panel, respectively). The formation of H2CO
in the PDR and dense-core is dominated by reactions between
oxygen atoms and the methyl radical (CH3). The destruction of
H2CO in the PDR is dominated by photo-dissociation, while it is
dominated by reactions with ions in the dense-core. The pure-gas
phase model satisfactorily reproduces the observed H2CO abun-
dance in the dense-core (δx ∼ 35′′) but it predicts an abundance
in the PDR (δx ∼ 15′′) that is at least one order of magnitude
lower than the observed value.
4.2. Grain chemistry models
We considered the surface chemistry reactions introduced by
Stantcheva et al. (2002), which include the following sequence
of hydrogen addition reactions on CO to form formaldehyde and
methanol
CO −→
H
HCO −→
H
H2CO −→
H
H3CO −→
H
CH3OH.
We also introduce water formation via hydrogenation reactions
of O, OH until H2O.
Adsorption, desorption and diﬀusive reactions were intro-
duced in the Meudon PDR code in the rate equations approach.
The corresponding implementation will be described in a spe-
cific paper (Le Bourlot et al., to be submitted) and we simply
mention the main processes included in the present study. We
distinguish between mantle molecules, which may accumulate
in several layers (e.g., H2O,H2CO,CH3OH), and light species
(e.g., H, H2), which stay on the external layer. Photo-desorption
can be an eﬃcient mechanism to release molecules to the gas
phase in regions exposed to strong radiation fields, as shown re-
cently in laboratory studies (Öberg et al. 2009b,a; Muñoz Caro
et al. 2010). Thermal desorption is also introduced. It critically
depends on the desorption barrier values, which are somewhat
uncertain. Diﬀusive reactions occur on grain surfaces and the
diﬀusion barriers are assumed to be 1/3 of the desorption energy
values. Photodesorption eﬃciencies have been measured in the
laboratory for CO, CO2, H2O and CH3OH. These experiments
have shown that all common ices have photodesorption yields
of a few 10−3 molecules per incident UV photon (Öberg et al.
2007, 2009a,b,c). Therefore, we also take a photo-desorption ef-
ficiency of 10−3 for those species that have not been studied in
the laboratory. We assume in addition that for formaldehyde the
two branching ratios toward H2CO and HCO+H channels are
identical, i.e. 5 × 10−4. Given the high density in the dense-core,
the grains are assumed to be strongly coupled to the gas in the
inner region, so that their temperatures become equal to 20 K in
the dark region, whereas the illuminated dust grains reach tem-
perature values of about 30 K.
The predicted HCO and H2CO abundances are shown as
dashed lines in Fig. 6. This model reproduces the observed
H2CO abundance in the dense-core and predicts a similar abun-
dance as the pure gas-phase model. This way, formation on grain
surfaces does not contribute significantly to the observed gas-
phase H2CO abundance in the dense-core. This is because of the
low photo-desorption rates in the core caused by the shielding
from the external UV field. On the other hand, the H2CO abun-
dance can increase by up to three orders of magnitude in the
illuminated part of the cloud (AV . 4) when including the grain
surface reactions. The H2CO abundance now even peaks in the
PDR, while it peaked in the dense-core in the pure gas-phase
model. The model predicts a H2CO abundance peak in the PDR
that is higher than the observed abundance averaged over the
30 m (∼16′′). This limited resolution prevents us from resolving
the predicted abundance peak. Interferometric observations are
needed to prove the existence of this peak in the PDR.
5. Discussion
H2CO has been detected in a variety of diﬀerent astrophysical
environments, with a wide range of gas temperatures and den-
sities. It has been detected in diﬀuse clouds with high abun-
dances (∼10−9), observed in absorption against bright HII re-
gions (e.g., Liszt & Lucas 1995; Liszt et al. 2006). It is not well
understood how H2CO can be formed and survive in such harsh
environments, because gas-phase process cannot compete with
the photo-dissociation and dust grain temperatures are too high
for molecules to freeze on their surfaces. Roueﬀ et al. (2006)
detected absorption lines of H2CO at 3.6 μm toward the high-
mass protostar W33A, and estimated an H2CO abundance of
∼10−7 where the gas has a temperature of ∼100 K. Recently,
Bergman et al. (2011) found H2CO abundances ∼5× 10−9 in the
ρ Ophiuchi A cloud core. Abundances of H2CO and other more
complex molecules toward hot cores and protostars are high. In
these regions the gas is dense and hot, so the dust grains also
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have high temperatures (>100 K). Therefore, the ice mantles,
formed in the cold pre-stellar phase, are completely evaporated.
Once these molecules are in the gas-phase, they trigger an active
chemistry in the hot gas, forming even more complex molecules
(Charnley et al. 1992).
H2CO has also been observed in other PDRs. Leurini et al.
(2010) detected H2CO in the Orion Bar PDR toward both
the clump (nH ∼ 106 cm−3) and the inter-clump (nH ∼
104 cm−3) gas components. They found higher H2CO abun-
dances (∼10−9−10−7) than the ones inferred in this work for the
Horsehead (∼10−10). Molecules trapped in the ice mantles can
be thermally desorbed when the dust grains are warm enough.
The dust temperature at which a significant amount of H2CO
evaporates can be estimated by equating the flux of desorbing
molecules from the ices to the flux of adsorbing molecules from
the gas (see Eq. (5) in Hollenbach et al. 2009). Taking an H2CO
desorption energy of 2050 K (Garrod & Herbst 2006), we ob-
tain an evaporation temperature of ∼41 K. In the Orion Bar the
dust grains have temperatures of Tdust > 55−70 K, so molecules
can be desorbed from the icy mantles both thermally and non-
thermally. But in the Horsehead PDR dust grains are colder
(Tdust ∼ 20−30 K), therefore molecules can only be desorbed
non-thermally. Hence, the main desorption mechanism in the
PDR is photo-desorption. In this respect, the Horsehead PDR
oﬀers a cleaner environment to isolate the role of FUV photo-
desorption of ice mantles. In the Horsehead dense-core dust
grains are also cold (∼20 K), but photo-desorption is not eﬃ-
cient because the dust is shielded from the external UV field.
Cosmic rays can desorb molecules from the ice mantles, but
this contribution is not significant because the desorption rates
are too low compared to the H2CO formation rates in the gas-
phase. Both the measured H2CO abundance and ortho-to-para
ratio agree with the scenario in which H2CO in the dense-core
is formed in the gas phase with no significant contribution from
grain surface chemistry.
We have shown that photo-desorption is an eﬃcient mech-
anism to form gas-phase H2CO in the Horsehead PDR. But, to
understand the importance of grain surface chemistry over gas-
phase chemistry in the formation of complex organic molecules,
a similar analysis of other molecules, such as CH3OH and
CH2CO, is needed. In particular, CH3OH is one of final products
in the CO hydrogenation pathway on grain surfaces. It can also
form H2CO when it is photo-dissociated. Therefore, their gas-
phase abundance ratios will help us to constrain their dominant
formation mechanism and the relative contributions of gas-phase
and grain surface chemistry. Similar studies in diﬀerent environ-
ments will also bring additional information about the relative
eﬃciencies of the diﬀerent desorption mechanisms.
6. Summary and conclusions
We have presented deep observations of H2CO lines toward the
Horsehead PDR and a shielded condensation less than 40′′ away
from the PDR edge. We complemented these observations with
a p-H2CO emission map. H2CO emission is extended through-
out the Horsehead with a relatively constant intensity and resem-
bles the 1.2 mm dust continuum emission. H2CO beam-averaged
abundances are similar ('2–3 × 10−10) in the PDR and dense-
core positions. We infer an equilibrium H2CO ortho-to-para ra-
tio of ∼3 in the dense-core, while in the PDR we find a non-
equilibrium value of ∼2.
For the first time we investigated the role of grain surface
chemistry in our PDR models of the Horsehead. Pure gas-phase
and grain surface chemistry models give similar results of the
Fig. A.1. Radiative-transfer modeling of H2CO lines for the core posi-
tion in the Horsehead. The two top rows display the ortho lines and the
bottom row displays the para lines. The best-match models are given in
colors (Tkin = 20 K, n(H2) = 105 cm−3, N(o-H2CO) = 9.6 × 1012 cm−2,
N(p-H2CO) = 3.2 × 1012 cm−2), taking a H2 ortho-to-para ratio of 3
(red lines) and of 0 (green lines).
H2CO abundance in the dense-core, both consistent with the ob-
servations. This way, the observed gas-phase H2CO in the core
is formed mainly trough gas-phase reactions, with no significant
contribution from surface process. In contrast, photo-desorption
of H2CO ices from dust grains is needed to explain the observed
H2CO gas-phase abundance in the PDR, because gas-phase
chemistry alone does not produce enough H2CO. These diﬀerent
formation routes are consistent with the inferred H2CO ortho-to-
para ratios. Thus, photo-desorption is an eﬃcient mechanism to
produce complex organic molecules in the PDR. Because the
chemistries of H2CO and CH3OH are closely linked, we will
continue this investigation in a next paper by studying the chem-
istry of CH3OH in detail.
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Appendix A: H2 ortho-to-para ratio
We investigated the influence of the H2 ortho-to-para ratio
adopted in the excitation and radiative transfer models. In
Fig. A.1 we show the best-match models for the H2CO lines to-
ward the core position in the Horsehead assuming two diﬀerent
values for the H2 ortho-to-para ratio. We show models for an H2
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ortho-to-para ratio of 3 in red (high temperature limit), and we
show models for the extreme case where the H2 ortho-to-para ra-
tio is 0 in green (low temperature limit). The diﬀerence between
the models is less than 10%, which is within the observational
uncertainties and therefore not significant.
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Chapitre 6
Le projet SCHISM, financé par l’Agence Na-
tionale de la Recherche
6.1 Résumé
L’astrochimie a connu un fort développement ces 20 dernières années. C’est maintenant un
domaine scientifique reconnu, prêt à tirer parti des capacités sans précédent des nouveaux ins-
truments de l’IRAM, puis d’ALMA et d’Herschel pour la spectroscopie et l’imagerie à haute
résolution. Les instruments et les modes d’observations seront-ils suffisamment flexibles pour
s’adapter à des besoins toujours plus variés ? Les observations s’adosseront-elles à des méthodes
d’analyse puissantes et à des modèles exploitant l’évolution des connaissances des processus
fondamentaux ? Le projet ANR SCHISM, que je coordonne depuis le 1er septembre 2009 pour
une durée de 4 ans, explore plusieurs facettes de ces questions, dont le couplage de la chimie
en phase gazeuse à celle à la surface des grains, et le couplage de la chimie avec la turbulence
magnéto-hydrodynamique (MHD) (phénomènes de transport, structures dissipatives, chocs). Sa
pertinence vient du lien fort entre développements numériques pointus et observations utilisant
les instruments les plus performants du domaine : le satellite Herschel et les interféromètres
millimétriques (Plateau de Bure et ALMA).
Alors que la chimie en phase gazeuse est de mieux en mieux comprise, la chimie en phase
solide est encore balbutiante, malgré le rôle majeur de tels processus pour la formation de H2
et d’autres espèces (par exemple H2CO et CH3OH). De plus, l’activité chimique est intime-
ment couplée à la dynamique du gaz, et par conséquent à son évolution. La chimie affecte les
mouvements du gaz via le rayonnement des molécules polaires qui constitue le principal agent de
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refroidissement du gaz dans de nombreux milieux : ces molécules contrôlent l’équation d’état du
gaz et donc sa dynamique. En retour, la dynamique du gaz affecte la chimie parce que les écoule-
ments sont turbulents, supersoniques et plus ou moins couplés au champ magnétique. Combiner
des codes chimiques sophistiqués avec des observations de raies moléculaires est à la fois une
étape capitale pour exploiter pleinement la richesse des observations de raies moléculaires et
un formidable défi du fait de la non-linéarité 1) de la dynamique des fluides et 2) des réactions
chimiques. Le but du projet est, d’une part, de rassembler des théoriciens et des observateurs1
pour développer et tester les modèles numériques décrivant l’interaction des gaz moléculaires
avec le rayonnement (le code PDR de Meudon), et avec une perturbation supersonique (code de
choc MHD), et, d’autre part, d’apporter les jeux de données appropriés pour tester les codes et
une nouvelle méthode améliorant l’efficacité des observations en interférométrie pour les sources
étendues.
1Le projet SCHISM comporte trois partenaires : 1) l’IRAM (PI : J. Pety, participants : S. Bardeau, P. Gratier,
V. Guzman, E. Reynier, N. Rodriguez-Fernandez), 2) le LERMA/LRA (PI : M. Gerin, participants : S. Cabrit,
M. De Luca, E. Falgarone, B. Goddard, A. Gusdorf, P. Lesaffre), 3) le LUTH/ISM (PI : F. Le Petit, participants :
J. Le Bourlot, S. Myake, E. Roueff) et des participants extérieurs (J.R. Goicoechea, P. Hily-Blant, H. Liszt, R. Lucas,
G. Pineau des Forêts).
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+H ÒH¸eHp+ByK H |B HY|| |+BHBªHªK|¾BH+HHÁKì|Bª H|B EH
ìH ¡K H¸H .Ì¡µìé H\+ÁØ|B¾H¾KìØyKHBªHK+|ªìKHýyp|KYH|BHyHéÁª+BHvsHý+ªH
+H ÒH 7¸Hp+ByK H B ÁK|+BH +H ¾|BH KÁ H Ø+ KKKH+H +pªy ªHBªHpyB+H
|BHyHv H +ªHÁK|B¾HyH+p|KpH+HyHp+pBH Á|+BEHs|KHØÁý| |+BEH
+H ÒH¸eHp+ByK H B+ªÁ |+BH+H yH |KH BªH K +BªHp+pBKH+H yHØ+ýý|||KH+H
ØKB H +H ªK+ýªH KØ |KæH Bý|B¾H H YK|H  BK|+BH +H yHp+pBH  Á|+BH
+p|KpEHÒØØ| |+BH+HªÁ|+BHØ+ KKKH+BHªÁKHKÁ KEH +BªHØÁý| |+BEH
ìH ¡K H1H .Ì¡µìéHBªH.  éÒì. Ò HBýÁª|B¾HyHÁ  ÁBHp| |B¾H+p|KpH|BHyHéÁª+BHvsHý+ªH
+H ÒH1ÏHp+ByK H7
K
HYK|+BH+HyHv H +ªH |yHHB HK+YH+H|B ÁªHª|ÁK|+BEH
+H ÒH1 Hp+ByK HH»|ªH+Hp+ªKEH
ìH ¡K HeH .  éÒì. Ò H¡|pìªØBªBHéµsHKy+ýÏKHBªHýyp|KYH
+H ÒH ¸H p+ByK H |Y H +H H ÁK|ìK|+B H YK|+BH +H yH éµ H +ªH +pH
.KHHH ¸ÏÏeEH
+H ÒH11Hp+ByK H.V»Hª||YHBKHØ+KìØ+ KK|B¾EH
+H ÒH e H p+ByK H |Y H +H H +ªH +H ªp|BH yH |BH Ký|| H +H yH ý+YH
Ky+ KEH
ìH ¡K H H .  éÒì. Ò Hs|KK|Ø| HKÁýÁKH+HÁ  ÁBýHBªHýyp|KYH
+H ÒH 7¸Hp+ByK H pØpB|+BH +H yH K|K| H B K|KH +H yH K|pÁ|+BKH+H1 H
éµ H +pØKK|ýHÁýÁB H+H|pØ+YHyHªK |Ø|+BH+HyHÁýÁBHpª|ÁpEH
ìH ¡K H H  Òé Hp¾|B¾H Ø|pBH7  H\+BBý|B¾HyHýyp|KYH+Hª|ÁKH¾KH	 |yH|KHªYBp|ýKH
+H ÒH 7¸H p+ByK H B||H ØÁý| |+BH +
H
\¤H |p¾KH +Hppì YH ýK+Ø|+Bì|BH y+KH
+ÁªK%H
+H ÒH ¸eHp+ByK HÒ Á|K||+BæH ªH ªÁ |+BH BªH ØÁý| |+BH +
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\¤HpØK%H
+H ÒH1 Hp+ByK Hµ|¾yHK+Á|+BHÒ ¤H+ýKY|+BKH+H\¤HBªH+yHKØ |KH|BHyH
VH¤ØyH +ÁªEH
ìH ¡K H H .  éÒì. ÒH BªH.Ì¡µìé H .¾ýYH KÁ YH 7  H ÒBH  BK| H KÁªYH +H yYª|ªKH KH ØH +H yH
µKýyH¾ÁBªH|pHÏYHØ+ïýHvéÒH
+H ÒH7¸Hp+ByK HvÁý| |+BH+H ÒéHªHª%H
+H v+ýý H H 1 H p+ByKH |EEH 7 H p+ByKH H  Ø|+BH +H yH |KH ªH KH +pH
µK y H |Y H+HyHv éÒHªýKEH
+H ÒHe Hp+ByK H»+ýH B K|KH |yH yHB H yp| Hp+ªKHªY+ØªH |BH K KH¸H
+H EH
ìH ¡K H H  ÒéæH .  éÒì. ÒH BªH .Ì¡µìé H .¾ýYH KÁ YH ¸  H  K

|Ky|B¾H yH µ+KyªH pBH
vsHKHBH+

K

|+BH

BýypÏH+Hýyp|ýHp+ªKH
+H ÒH7¸Hp+ByK HÒHKH7HØÁý| |+BH+BHY|ýHª%H
+H ÒH¸eHp+ByK HÒHKH7HØÁý| |+BH+BHY|ýHª%H
+H ÒH1 Hp+ByK HHÁØH+HHØ|Ø|BH+H +BK|KBH |ý|+B%H
+H ÒHe Hp+ByK H»+ýHB K|KH |yHyHB Hª Bp| Hp+ªKHý+HyHKH+H
yHØÁý|KyªHªEH
ìH ¡K H H  ÒéHBªH.  éÒì. Ò Hp¾|B¾H Ø|pBH¸  HKHyHµ+KyªHB

ÁHHYØ|ýHØ|?HH
v¤»Òéé H.ÒE\H
H
 s¡¤EH¸ÏÏæH
Òý+BYpH\µéH
H
s¤\Ìé E¡Hs H¤Ìé¤EHH
H
H H ¸Ne7H
+H ÒH7 Hp+ByK Hs|KHªH Á|ªHBªHªÁ ªEH¡yKHªH |HyØH+H +BK|BHyH
¾+p HBªHyH |Bp| KH+HØ|K%H
+H ÒH¸eHp+ByK Hs|KHØÁý| |+BEH
e H¡Ò¡ » Hs HVÒ.¤Ò¡¤EHs H Ì.¡Ò¡H ¡Hé¤s Hs H
v¤¡ \¡¤EH ¡Hsm _v.¤¡Ò¡¤EHs H Ì.¡Ò¡HNHsÒ¡ÒH
éÒEÒ» é E¡ HsÒ¡ÒHµÒE» HE¡ .. \¡ÌÒ.Hv¤v ¡HÒEsH
 Ì.¡H _v.¤¡Ò¡¤EH
¡yH|B+p| H¤Bì¡yìs H+ýKY|B¾Hp+ªH |HýHKªH+HyH +ppÁB| H+HvÁH
ªH ÁH B+pH ÁKKH |BH yH ». ÒH K+ H KÁ|H KH
yØ NN E|pEN Òés N». ÒHEH¡yH¾+|ypKHªY+ØªH |HK+HýHBKªH+H
Ò.éÒH |BH yH p + H +H yH sv H jÒ.éÒH  ByB pBH Ø+¾pEH ÒH yH ¾+|yp| H
+ H |HýHØÁý|KyªHK+HyHB H+yH KÁýìp||pH|B+pH|BHyH +ªH \pæH
éÒæH²H BHýB|H+pHy|KH + EHÒKHHKÁæH H Ø HyH|B+p| H¤Bì¡yìs H
|H +BK|ªý H |B KH yH |ªì|ªH |p¾|B¾H Øý|||KH +H ý+yH yH ÁBH BªH ÁÁH
¾B|+BH+H KÁýìp||pH|B+pKH|BHyH +ªEH
H
¡yH éÁª+BH v H +ªH |KH Y|ýH +H yH +ppÁB| H H yØ NN|K+E+ýKØpENéEH H |KH
ª+ ÁpBªH BªHp|B|BªH ý H yH éH pHH.Ì¡µN¤ýKY+|H ªHv|KH  EH +ÁæH EH
.H +Á+æH sEH .H v|EH  H YK|+BKH |H ýH Y|ýH |BH yH KpH  H H yH
+KØ+Bª|B¾H ØÁý| |+BKH H  ØªEH ¡yH KBØKy+H ¾+|ypH +H H éµ H Ky+ H |H ýH
ª|K|ýÁªH +H yH +ppÁB| H y+Á¾yH H K|p|H ýH |B H H  ØB H +H yH
+KØ+Bª|B¾H ØÁý| |+BEH s+H KYH KæH yH.Ì¡µìéHØBH yKH Ø| |ØªH +H yH
ª|B||+BH +H yH KBªªKH |BH yH V¤ì¡y+ H ¾+ÁØH H V¤ÒH BB|+BH V|ÁH
¤ýKY+ HÒ|B EHBHy|KH +B æH++KHBªHpy+ªKHyYH|KHýBHªY+ØªH+HØ+Y|ªH
+B|BH KKH+HyHéÁª+BHv H +ªHy+Á¾yHyHK+¾|ªH|BKÁ ÁEHé++YæH|BHyH
p + H +H yH ÒK+BH ¡Ò s¤ éÒ¡H ¾BæH H V¤H +pØ|ýH ªýKH +H p+ªH
K|pÁ|+BKH|KHB+ HªY+ØªEH¤BHyH+B¾HpæHyKHV¤H |||KH |HýHp|B|BªHý HyH
V¤ìv|KH  BHHv|KH¤ýKY+ EH¡yH\µéHÒ HØ+ï H |HÁKHy|KH BK|YH
 Ø|KH+HØ+Y|ªHp+KH+H|KHp+ª|B¾H++KHBªHKÁKH|BHHV¤H +pØ|ýH  EH
H
¡yHµK yH  H Ø+¾pH pKHyYH ýBH  Á|ªH ý H ÒH +H Ø+Y|ªH yHØ+ KKªHªH
BªHHªHK |B|| H+Á +pH+HyH +ppÁB| EH¡+H +pØ H |yHy|KHªpBªæHyHªÁ ªH
ªH +pHyHv éÒH¾ HKÁY H |HýHØÁH+BHyH ýHý HyH.  éÒì. ÒHØBEH
H yYH ØØªH H ýì KK|ýH ªýKæH y| yH |H +B|BH H |B+p|+BH ý+ÁH +ÁH
Ø+¾pEHµK yHªæH+¾yH |yHØØ+ H + H+pH¾+ÁBªìýKªH+ýKY|+BKæH |H
ýHpªH Y|ýH y+Á¾yH y|KH ++H yØ NNK+EBKENy||ìýKEH¡yHªýKH |H K+HØ+Y|ªH
ª+ ÁpB|+BH +BH y+ H yH ªH H +ýKYªH BªH Ø+ KKªEH ¡yH ªýKH |KH ÁB H
ØKK +ªH Ø+ ªæH ýÁH H |H BýH ØÁý| H  KKH yBH yH ªH H ª H +H ýH
ª|K|ýÁªEH¡yHªÁ ªHªH+pHyHµ+KyªH¾ HKÁY H |HýHØÁH+BHyH ýHý HyH
 ÒéHØBH|BHHK|p|HpBBEH
H
¡yH+yH ++KHBªHªH y| yH |HýHªY+ØªH|BHyHp + H+H y|KHØ+ï HýÁH y| yH
H B+H +KBH +H ØÁý| H KH |H K H yH Ø+Ø H +H y|H ªY+ØKNØ|B |ØH
|BYK|¾+KEHBHyHØÁý| |+BKHªH+Hy|KHØ+ï HBªH|BH+yHØÁý| |+BKæH y| yH +ÁªH
Hv¤»Òéé H.ÒE\H
H
 s¡¤EH¸ÏÏæH
Òý+BYpH\µéH
H
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H
H H ¸   Ne7H
p H ÁKH +H yH ¾ H ++KH BªH ªæH H |H  ÁKH BH  B+ ª¾pBH +H yH Ò H
ÁBª|B¾HKÁØØ+EHH
H¤»ÒEÒ¡¤EHsÌHvÒ¡ EÒÒ¡HNH\¤E¤¡ÌéH¤»ÒEÒ¡¤EH
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Hs \v¡¤E HÒs   ÌÒ¡¤EH ¡H\¤év.  é E¡Ò¡  Hs HvÒ¡ EÒ HNH
 . VÒE\ HÒEsH\¤év. é E¡Ò¡H¤ H¡µ HvÒ¡E H

¡µEH¡µ H\¤E¤¡ÌéH
BH7 H éH
 ÒéH |KH ÁB H yH +ªmKH ýKHp||pH ª|+ìK+B+p H  || H |yH ª|B¾H |BKÁpBKHý+yH
|BH K|B¾ìª|KyH 1ÏpH BªH |BH |B+p H vÁH ªH ÁH |B+pEH  ÒéH yª H BªH
K+ H Ø|KH|KH +¾B|úªH|BH Á+ØHKH|H|KHHpï+H ¤HØBH|BHyH +BKÁ |+BH+HÒ.éÒæH
yH B H ¾B|+BH +H KÁýìp||pH |B+pEH s+H |BKB æH |BH yH K+ H æH  ÒéH yKH
ýBH ¾BªH  +H Ø+K||+BKH +BH B¾|BH BªH+BH K+B+pH +pH¸ÏÏ H +H¸Ï7ÏH +H +pp|KK|+BH yH
¤¡sH  yB| ÁH +H yH Ò.éÒH |B+pæH |BH yH p + H +H yH  Á+ØBH sv H jÒ.éÒH
 ByB pBH Ø+ï EH ÒH BÁH +B|BÁ|+BH |KH +H p H yH ªª||+BH +KH +H Ø+Ø+KH y|KH
+ýKY|B¾H p+ªH |BH H ÁKì|Bª H  H H vÁH ªH ÁH |B+pH K+H yH  ÒéH ØKH |KH
Á|B¾ìª¾H Ø+K||+BH |BH p||pH |B+p EH é++YæH \.ÒæH yH  ÒéH K+ H ++KH
ªª| ªH +H yHªÁ |+BH+HyHK|B¾ìª|KyHKØ æH|KHÁKªH|BHpB H+ýKY+|KH|BHyH +ªH \¤æH
\é¡æHÒv _æH¤sÒ²HBªH|H|KH +BK|ªªH+HÁKH+BHµK yNµsHªKKEH |B¾H|BY+YªH|BHyH
K |B|| HB K|KH+HyH¾ HØ+ï Hv éÒHKHØ+Ø+KªH|BHy|KHØ+ï H |HýHHØ+ ÁHª|YH
+HyHBªªH++KH|BH\.ÒEHBHyHKpHKØ||æHyH Ø|KH+HyH ÒéHppýH+HyH\µéH
Ø+ï HyKHýBHÁKªH+HªY|KHKÁ KKÁHBªHª|  HØØ| ýH+ýKY|+BKH+HyHªBKHBªHª|ÁKH
|BKH pª|ÁpH KH E¾EH +ÁH ªH ª H  Á|ªH +BH yH µ+KyªH v H pBEH ÒKH H yH
+ýKY|+BKHØ+Ø+KªH |BH y|KHØ+ï æH yHµ+KyªHv HpBHyKHª HýBHBªH |H +B|BÁH+H
ýH yH ý|yH Ø H +H |BB+Y|YH ª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Copyright: Jérôme Pety (IRAM/30m)
Chapitre 7
Spectro-imagerie grand-champ en
radio-astronomie (sub)-millimétrique
Les questions scientifiques posées ci-dessus requièrent des observations fiables sur des champs
de vue suffisamment larges à la meilleure résolution angulaire possible. Les notions de champs
de vue et de résolution dépendent fortement du type d’instrument employé : un télescope unique
tel que le 30m de l’IRAM à Pico Veleta près de Grenade ou un interféromètre comme celui du
Plateau de Bure.
7.1 Mode télescope unique
Un télescope comme l’IRAM-30m a une résolution angulaire typique de 11′′ à 1mm de lon-
gueur d’onde. L’instrumentation actuelle permet d’imager 1◦2 en 50 heures avec une sensibilité
typique d’environ 0.5K (T ∗A) dans des canaux de 0.25 km s
−1. Pour obtenir ce résultat, il faut ac-
quérir environ 106 spectres bruts qui donnent après réduction un cube d’environ 200 000 spectres
(si on suppose un échantillonnage critique, c.-à-d. un spectre toutes les 5′′). Chaque spectre a 512
canaux correspondant typiquement soit à une bande passante de 1GHz (∼ 1300 km s−1 à 1mm)
avec une résolution spectrale de 2MHz (∼ 2.6 km s−1 à 1mm), soit à une bande passante de
10MHz à 20 kHz de résolution.
L’imagerie grand-champ a fait des progrès spectaculaires sur les antennes uniques grâce à
deux révolutions successives. A la fin des années 1990, nous sommes passés d’une technique
d’observation dite “raster mapping”, où les données sont acquises en posant indépendamment
sur chaque position indépendante du champ de vue à observer, à la technique d’observation dite
“On-The-Fly” (OTF), où les données sont acquises de manière continue en même temps que
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FIG. 7.1 – La célèbre galaxie du tourbillon (M51) observée grâce à l’émission de la raie de 12CO
J=1–0 avec l’antenne du 30m à gauche et l’interféromètre du Plateau de Bure à droite. L’image
interféromètrique a été obtenue dans le cadre d’un grand projet IRAM, nommé PdBI Arcsecond
Whirlpool Survey [C6]. Les 8 kpc centraux sont imagés avec une résolution exceptionnelle de
45 pc (∼ 1′′), équivalente à la résolution d’un télescope de 700 m de diamètre ! Le facteur de
zoom entre les deux images est environ 25.
l’antenne se déplace sur le ciel. La deuxième révolution a eu lieu dans les années 2002–2003
avec l’arrivée d’HERA à l’IRAM-30m, un récepteur hétérodyne de 18 pixels échantillonnant le
plan focal du télescope.
Ces deux révolutions ont conduit à une augmentation du nombre de spectres à traiter d’envi-
ron 3 ordres de grandeur en moins de 10 ans. Pour répondre à ce défi, j’ai entrepris à partir de
2003, avec S. Guilloteau (Obs. de Bordeaux/LAB), P. Hily-Blant (post-doc à l’IRAM puis maître
de conférence à l’IPAG) et S. Bardeau (ingénieur logiciel à l’IRAM), une refonte complète de la
réduction des données d’imagerie à l’IRAM [M1, M7, M13], allant du format de données aux
algorithmes de réduction en passant par la visualisation des données brutes et réduites avec l’in-
troduction de nouveaux concepts dans la gestion des données : tables de contenus, sélection fine
d’un sous-ensemble de données, outils interactifs de visualisation, etc... Cet effort soutenu a per-
mis de donner une deuxième jeunesse à CLASS qui continue aujourd’hui à être le logiciel leader
pour la réduction et l’analyse des données spectroscopiques en radio-astronomie : des astro-
nomes du monde entier l’utilisent pour traiter des données d’Herschel/HIFI, de SOFIA/GREAT,
d’APEX, de NANTEN, du CSO, du JCMT, du GBT, d’Effelsberg...
7.2 Mode interférométrique
De nombreux objectifs scientifiques1 requièrent à la fois une haute résolution angulaire
(mieux que 1′′), que seuls les interféromètres peuvent fournir aujourd’hui, et un champ de vue
1Par exemple, la mesure du contraste bras/interbras dans les galaxies proches, la turbulence du milieu interstel-
laire, la formation des enveloppes proto-stellaires, les flots moléculaires des objets stellaires jeunes, etc...
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suffisemment large, au moins quelques minutes d’arc au carré. La figure 7.1 montre un exemple
récent spectaculaire, à savoir l’imagerie avec l’interféromètre du Plateau de Bure d’une surface
de 5′× 3′ au centre de la célèbre galaxie spirale M51 à une résolution typique de 1′′ [C6]. Or, les
antennes de 12m de l’interféromètre d’ALMA donnent un champ de vue instantané relativement
petit : 27′′ à 230GHz et 9′′ à 690GHz. L’interférométrie grand-champ est donc un enjeu essentiel
pour ALMA.
Historiquement, les interféromètres (sub)-millimétriques actuels (PdBI, CARMA, SMA) ont
été construits pour démontrer la viabilité et la nécessité scientifique de l’interférométrie (sub)-
millimétrique. L’importance de leurs résultats a conduit à la réalisation du projet ALMA. En
contre-partie, l’imagerie grand-champ n’a été un objectif important qu’une dizaine d’années
après leur mise en service. A l’inverse, l’imagerie grand-champ a été un objectif prioritaire
d’ALMA dès sa phase de conception. Durant les années 2001 et 2002, j’ai étudié l’ajout au
concept initial (50 antennes de 12m) d’un réseau 12 antennes de 7m (dit ACA, Atacama Com-
pact Array) pour améliorer des performances d’imagerie grand-champ de l’instrument [M20,
M21, M22]. En effet, comme tout interféromètre multiplicatif, ALMA filtre les fréquences spa-
tiales inférieures à environ 1.5 fois le diamètre des antennes (ici 18m) et l’utilisation des antennes
en mode puissance totale (auto-corrélation) ne permet de récupérer que la fréquence spatiale à
0m. L’objectif du réseau ACA est de combler le manque de mesures des fréquences spatiales aux
alentours de 10m. Ces études réalisées en collaboration avec F. Gueth (IRAM) et S. Guilloteau
(alors “Project Scientist” d’ALMA) ont été essentielles dans la décision de l’ajout d’ACA au pro-
jet de base pour un coût estimé entre 100 et 150 Meuros. Les outils que nous avons développés
ont été par la suite utilisés par nos collègues japonais pour affiner le design d’ACA [M14].
Par ailleurs, l’imagerie grand-champ en interférométrie millimétrique est aujourd’hui obte-
nue avec une technique classique, dite “stop-and-go mosaicing”. Cette technique est comparable
au “raster mapping” avec une antenne unique. Bien qu’elle permette de faire de l’imagerie grand-
champ, cette technique limite à la fois l’efficacité2 et le champ de vue observable. L’imagerie
grand-champ est ainsi aujourd’hui au même point en mode interférométrique qu’elle l’était en
mode télescope unique au début des années 1990. Nous sommes donc potentiellement à la veille
d’une révolution dans ce domaine avec l’introduction du mode d’observation OTF en interféro-
métrie. Hormis les problèmes techniques (synchronisation d’antennes en mouvement simultané,
augmentation importante du débit de données, etc...), l’absence d’algorithmes d’imagerie et de
déconvolution dédiés est une des raisons principales pour lesquelles le mode d’observation OTF
n’a, à notre connaissance, jamais été utilisé auparavant sur un interféromètre millimétrique. Dans
le traitement d’observations classiques (“stop-and-go mosaicing”), les visibilités sont imagées
indépendamment champ par champ avant que les images produites ne soient combinées linéai-
rement. La quantité de données produites par les observations OTF exclut une telle approche.
Je propose avec N. Rodriguez-Fernandez un traitement dans lequel les visibilités observées sur
diverses positions du ciel sont rééchantillonnées sur une grille régulière à la fois dans le plan
du ciel et dans le plan uv3 avant d’être imagées et déconvoluées [A7]. Cette inversion des opé-
rations permet de traiter le problème par une réduction de la quantité de données d’au moins
un ordre de grandeur. Plus fondamentalement, nous montrons qu’elle introduit aussi un change-
ment conceptuel important dans la manière de penser l’imagerie grand-champ en interférométrie
millimétrique.
2Car le signal n’est pas intégré lorsque les antennes passent d’une position à une autre.
3Le plan uv est l’espace où sont mesurées les visibilités interférométriques. Ce plan est lié au plan de Fourier.
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Ce travail a été réalisé dans le cadre d’un contrat européen (6ème PCRD) “ALMA Enhan-
cement” conduit par l’ESO de 2006 à 2011, contrat dans lequel l’IRAM était responsable (pour
un budget de 900 keuros) du commissionning du mode d’observation OTF à l’interféromètre du
Plateau de Bure avant de transférer l’expertise au projet ALMA. En 2011, l’équipe comprenait
deux ingénieurs logiciels (M. Lonjaret, J.C. Roche), un post-doc (N. Rodriguez-Fernandez) et
deux astronomes (F. Gueth et moi-même). Dans ce projet de recherche, deux objectifs sur trois
ont été réalisés : 1) la réalisation d’observations OTF au Plateau de Bure, et 2) la livraison au
projet ALMA d’un nouvel algorithme d’imagerie [M2]. Il reste la mise au point d’un algorithme
de déconvolution adapté que l’IRAM va continuer de développer sous ma direction au-delà du
contrat initial pour ses propres besoins.
7.3 Le futur de la radio-astronomie (sub-)millimétrique
Conscient du potentiel des récepteurs multi-pixels pour l’imagerie grand-champ, l’IRAM a
une politique de recherche et développement offensive dans ce domaine depuis plus de 10 ans.
Cela a conduit à la réalisation d’HERA à l’IRAM-30m. Des programmes de R&D sont aujour-
d’hui en cours tant au niveau des récepteurs pour miniaturiser les mélangeurs (FP7 AMSTAR+)
qu’au niveau des spectromètres pour obtenir de grandes résolutions spectrales sur l’ensemble des
bandes passantes délivrées par les récepteurs.
Ces projets vont déboucher dans les 5 ans à venir par une nouvelle génération de récepteurs
multi-pixels à l’IRAM-30m : un récepteur de 50 pixels à 3mm (les éléments de base étant soit
des mélangeurs SIS soit des amplificateurs HEMT) et un successeur d’HERA de 98 pixels à
1mm (à base de mélangeurs SIS). Le remplacement des auto-corrélateurs par des spectromètres
à transformée de Fourier a permis de gagner un ordre de grandeur sur le nombre de canaux par
spectre permettant de couvrir soit 16GHz pour les récepteurs monopixels (EMIR) soit 1GHz
pour HERA de bande passante par pixel à 200 kHz de résolution. Ces développements conduisent
à un nouvel accroissement de la quantité de données par un facteur environ 50, auquel l’équipe
des développeurs de CLASS fait face par de nouvelles modifications en profondeur du logiciel.
En ce qui concerne le Plateau de Bure, la priorité dans les 5 prochaines années va au projet
NOEMA, qui consiste à
– doubler le nombre d’antennes de 15 m (de 6 à 12, impliquant un doublement de la surface
collectrice) ;
– doubler la plus grande ligne de base (de 800 à 1600 m), et donc à doubler la résolution
angulaire actuelle ;
– utiliser une instrumentation innovante, en particulier une nouvelle génération de récepteurs
qui quadruple la bande passante totale (de 8 GHz à 32 GHz), impliquant une sensibilité
4 fois plus grande en continuum et la possibilité d’observer simultanément 4 fois plus de
raies.
L’imagerie grand-champ bénéficiera directement de ces améliorations grâce au quadruplement
du nombre de lignes de base, ce qui permettra une bien meilleure qualité d’images à temps
d’observation égal. Le budget acquis en ce moment (33 Meuros) permet de financer 4 antennes
supplémentaires, le remplacement de tous les récepteurs et un corrélateurs pour 12 antennes.
L’addition de 2 antennes supplémentaires ainsi que le doublement de la plus grande ligne de
base sont soumises à la contribution d’un partenaire exterieur aux pays fondateurs de l’IRAM.
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Dans ce projet, j’ai été nommé mi-2011 responsable de l’ensemble des logiciels scientifiques4.
La réalisation de récepteurs multi-pixels pour l’interféromètre du Plateau de Bure sera une
suite logique au projet NOEMA que les actions de R&D entreprises aujourd’hui permettront de
mener à bien, d’autant plus que la loi de Moore permet de gagner un ordre de grandeur tous
les 6 ans dans la corrélation numérique des signaux. De plus, la taille des cabines des antennes
de Bure permet d’abriter à la fois des récepteurs mono-pixels, multi-fréquences, et un récepteur
multi-pixel, mono-fréquence, donnant une flexibilité scientifique similaire à celle de l’IRAM-
30m d’aujourd’hui. Au niveau algorithmique, les développements actuels que nous menons pour
mettre en œuvre le mode d’observation interférométrique grand-champ, dit On-The-Fly, sont un
préalable à l’utilisation de récepteurs multi-pixels en interférométrie. Un autre défi algorithmique
sera le développement des méthodes de calibration en amplitude et en phase de ces récepteurs
multi-pixels.
4Le projet NOEMA est divisé en 8 packages : 1) suivi logistique, 2) construction des antennes, 3) récepteurs, 4)
corrélateur, 5) logiciels de contrôle, 6) logiciels scientifiques (acquisition, réduction, analyse), 7) commissioning, 8)
réseaux et archivage.
IRAM Memo 2005-1
CLASS evolution: I. Improved OTF support
P. Hily-Blant1, J. Pety1,2, S. Guilloteau3
1. IRAM (Grenoble)
2. LERMA, Observatoire de Paris
3. L3AB, Observatoire de Bordeaux
Dec, 20th 2005
Version 1.0
1CLASS evolution: I. Improved OTF support
Change Record
Revision Date Section/ Remarks
Page affected
1 2005-12-20 All Initial version
2CLASS evolution: I. Improved OTF support Contents
Contents
1 CLASS internal data format 4
1.1 Pointed observation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 On–The–Fly observation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2 Limitations, ease of use and efficiency 6
2.1 Philosophy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2 Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.1 New OTF data format . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.2 Memory limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Warning . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3 Large dataset processing 7
3.1 Basic idea . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.2 Listing and Table of Content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.3 Index consistency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.4 Visualization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.5 Sorting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.6 Baseline fitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.7 Interactive data exploration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4 Miscellaneous changes 15
4.1 New defaults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.2 Command names . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.3 Griding and spectra cube visualization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.4 PLAIT algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
5 CLASS90 for beta testers 16
3
CLASS evolution: I. Improved OTF support 1. class internal data format
Abstract
CLASS is aGILDAS1 software for reduction and analysis of (sub)–millimeter spectroscopic data.
It is daily used to reduce spectra acquired with the IRAM 30m telescope. CLASS is currently used
in many other facilities (e.g. CSO, HHT, Effelsberg) and it is considered for use by Herschel/HIFI.
CLASS history started in 1983. As a consequence, it was written in FORTRAN 77 and tailored to
reduce pointed observations. On–The–Fly support was added in the 90s but it showed limitation as
the quantity of OTF data increased quickly. One year ago, we decided to fully rewrite CLASS in
FORTRAN 90 with the 3 following goals: 1) clarifying satisfying features with backward compatibility
in mind, 2) improving code readability to simplify maintenance and 3) easing reduction of large OTF
data sets. This memo is describing the current state of affair with a particular emphasis on changes
in the program behavior. Future foreseen changes (linked to the increase of receiver instantaneous
bandwidth like an improved conversion from frequency to velocity axis) will be described in a future
memo.
1 CLASS internal data format
Observations with a single dish telescope may be divided in two categories:
1. Pointed observation: The telescope beam is pointed toward a fixed position of the source during
the signal integration. In its simplest form, the scan is composed of a spectrum whose intensity is
accumulated during the scan duration. Nothing prevents more complex scan definitions, e.g. a scan
composed of several shorter integrations, all at the same position on the sky.
2. On-The-Fly (OTF) observation: The telescope beam continuously drifts on source during the inte-
gration to make a map of the source. The scan is then composed of set of spectra regularly dumped
(typically every 1 second) during a contiguous portion of time (typically 10 minutes). Each dumped
spectra corresponds to a different position on the sky.
1.1 Pointed observation
Only two minor changes happened into the data format of a scan containing a single spectra. The data is
stored as a header (divided in independent sections) and the data. We have added: 1) the three parameters
associated to the descriptive coordinate system (2 parameters for the system center + the system position
angle) to be able to go from this descriptive coordinate system to a standard (e.g. equatorial) coordinate
system and 2) a subscan number. This subscan number is foreseen to always be greater than 1. There
is one exception: when CLASS90 read data in old format, the subscan number is zero and a warning is
issued.
1.2 On–The–Fly observation
In CLASS77, an OTF scan is stored as a header and a 2 dimensional array containing the intensities of
dumped spectra as a function of time plus a given number of columns (named DAPS for Data Associated
Parameters) containing header parameters whose values vary during the scan (e.g. the position on the sky,
date from beginning of scan). Therefore, all the dumped spectra share the same header in CLASS77.
In CLASS90, each dumped spectra of an OTF scan is stored as a pointed observation with its own
header and data. The concept of scan is kept, as all dumped spectra inside an OTF scan share the same
scan number. They are tagged by a subscan number whose value is incremented for each new OTF line
(both to enable easy selection of a single line inside one OTF scan, and to ensure consistency with the
30m numbering). The dumped spectra are also tagged by a unique observation number. This new OTF
data format has several advantages:
1http://www.iram.fr/GILDAS
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Figure 1: File conversion tool to convert from CLASS77 to CLASS90 data format. The action of this
widget is equivalent to “go class-convert infilename outfilename” command at prompt level.
• It considerably simplifies the source code, as operations on OTF scan are not a special case anymore.
While some operations need the information that a dumped spectra is part of an OTF scan, OTF
scans may be seen as a collection of independent spectra for many basic operations.
• The granularity of operations is much finer. For instance, access and work on any dumped spectra
is now obvious. Moreover, it is obvious in this framework to store the windows used for baseline
fitting for every dumped spectra.
• The scan/subscan organization can be generalized to other kind of observation (rasters, cross scans,
...)
For backward compatibility, CLASS90 will be able to read the old OTF data format. Nevertheless,
it will then stubbornly refuse to do anything else with it than to rewrite the data in the new OTF data
format. This is easily done with the following commands:
LAS90> file in 12co21-oldfmt.30m
LAS90> file out 12co21-newfmt.30m new
LAS90> set line 12co(2-1)
LAS90> find
LAS90> for ientry 1 to found
LAS90> get n
LAS90> write
LAS90> next
For the user’s convenience, CLASS90 proposes a widget that implements this conversion with several
additional safeguards (as avoiding to convert again data already written in new format). Fig. 1 shows this
widget available in the main CLASS90 menu. This widget is just a front-end to a procedure launched by
the “go class-convert infilename outfilename” command. This procedure can be used in scripts to
automate conversion.
Since the advent of the New Control System (NCS) of the 30m in fall 2005, the reading of raw data and
the chopper calibration is done byMIRA (developed by H. Wiesemeyer) which directly writes data in the
CLASS90 format. For data acquired previously (with the Old Control System), the conversion step is
mandatory. Indeed, the reading of raw data format and the chopper calibration were done by OTFCAL
(maintained by A. Sievers), which still writes OTF scans using the CLASS77 data format.
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2 Limitations, ease of use and efficiency
2.1 Philosophy
Several qualities are desirable for a reduction software: portability, stability, ease of maintenance, ease
of use, short learning curve, good documentation, time and storage efficiency, best functionalities, no
arbitrary limitations and last but not least backward compatibility. As we are manpower limited, it
is impossible to get the perfect software. We thus have to make some compromises to get the closest
possible to perfect. For instance, we rewrote CLASS in FORTRAN 90 although this may bring short-
term instability because this clarifies the program structure and it thus eases future maintenance (key to
long term stability). We also favor functionalities over efficiency with the idea that CLASS users will be
happier to be able to do something a bit inefficiently than to be stuck. Obviously, we always keep storage
and time efficiency in mind and we are willing to improve the situation when a widely used feature is too
inefficient. Finally, if we make all our effort to have a 100% backward compatibility in data format so that
users will be able to do something useful even with even very old data, we can not ensure full backward
compatibility on defaults and command names. The easiest way to implement new features (required by
improved instrumentation) is sometimes to change defaults and command names though we try to refrain
from making those kind of changes without good reasons.
2.2 Implications
2.2.1 New OTF data format
One of the major change in CLASS90 is the new way OTF data are stored. While advantages have
already been described, the main inconvenient is an increase of the size of the data on disk and RAM
memory by at most 20-30%, due to the new individual headers (Note that this increase becomes negligible
for spectra with a large number of channels).
Data access time is less problematic as the data has always been buffered by CLASS. In fact, we
choose this OTF data format to have a much more user-friendly approach to OTF processing. Indeed,
it maybe (but still has to be proven...) that the CPU time will be a bit larger with CLASS90 than
with CLASS77 for perfect data. However, our main goal is to decrease the human time spent on data
reduction to deal with the unavailable problems.
2.2.2 Memory limitations
Almost all processing steps are available spectrum per spectrum because this is a very powerful way to
work around the limitation of your computer RAM memory. There are two main exceptions:
• When opening a file, CLASS is buffering information (source name, line name, telescope name, scan
number, offset, etc...) on each observations of the file to speed next find commands. This buffer
has a fixed sized to avoid code complexity. This limits the number of observations that CLASS90
can read/write during one session. The default maximum number of observations is currently set
to 100 000 which amounts to about 5 MB of RAM memory. This number can be set to a larger
value through the CLASS_IDX_SIZE logical variable in your $HOME/.gag.dico configuration file as it
is probable that the default value is too small with the largest maps observed today.
• In CLASS90, it is also possible to load a whole index as a single 2D array for further visualization
and processing (see below). There is no limitation on the number of dumped spectra loadable, apart
from the previous limitation and the RAM memory of your computer.
Except from the index buffer, all other CLASS90 buffers are now dynamically allocated, in particular
the buffer R & T containing the spectra data. This means that the number of channels of a spectrum is
now unlimited which is a useful feature for line surveys.
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2.3 Warning
When processing a small number of spectra, CLASS90 will be quick on whatever kind of computer.
Now, if CLASS90 users needs to process 300 000 dumped spectra, they should then be prepared to use
a powerful computer (with lot’s of RAM to avoid swapping) and to wait during processing, whichever
software (in particular whichever version of CLASS) they are using.
Moreover, flexibility is favored in CLASS90. This means that the same things may be done in many
different, more or less efficient ways. It will take time to the CLASS90 community to learn what should
be or not be done to ensure efficiency. For instance, loading 300 000 with the LOAD command (see below) on
a laptop is probably going to take a while (if possible at all due to limitation in RAM memory). However,
this possibility does not even exist within CLASS77.
3 Large dataset processing
It is today possible with the IRAM–30 m to map a square degree field in 12CO (J=2–1). As an order of
magnitude, this gives a final spectra cube of about 106 spectra with a slight oversampling of 4′′.
3.1 Basic idea
An observer who has just spent a few hours doing OTF observation of the same source may want to
visualize all the dumped spectra at once even though they do not belong to the same scan. This was
impossible in CLASS77. In CLASS90, it is now possible to load all the individual spectra currently in
the index as a 2D array for future work, in particular visualization.
3.2 Listing and Table of Content
Before visualizing, the user needs to know what kind of data is available. The LIST command is com-
monly used to easily see the content of the current index. However, this command outputs one line per
observation in CLASS90 which is useless when dealing with thousands of observations. The LIST /SCAN
command reintroduces the CLASS77 way of listing an index, i.e. one line per scan and setup (i.e. unique
combination of source, line and telescope names). LIST /SCAN /BRIEF lists the scan with the number of
associated observations. These three possibilities respectively give
LAS90> list
I-LISTE, Current index:
197; 3 B0355+508 12CO(1-0) 30M-V01-A100 -109.1 -100.0 Eq 9608; 1
198; 3 B0355+508 12CO(1-0) 30M-V01-A100 -106.1 -100.0 Eq 9608; 1
199; 3 B0355+508 12CO(1-0) 30M-V01-A100 -103.0 -100.0 Eq 9608; 1
200; 3 B0355+508 12CO(1-0) 30M-V01-A100 -100.5 -100.0 Eq 9608; 1
201; 3 B0355+508 12CO(1-0) 30M-V01-A100 -97.5 -100.0 Eq 9608; 1
...
270; 3 B0355+508 12CO(1-0) 30M-V02-B100 -109.1 -100.0 Eq 9608; 1
271; 3 B0355+508 12CO(1-0) 30M-V02-B100 -106.1 -100.0 Eq 9608; 1
272; 3 B0355+508 12CO(1-0) 30M-V02-B100 -103.0 -100.0 Eq 9608; 1
273; 3 B0355+508 12CO(1-0) 30M-V02-B100 -100.5 -100.0 Eq 9608; 1
274; 3 B0355+508 12CO(1-0) 30M-V02-B100 -97.5 -100.0 Eq 9608; 1
...
343; 3 B0355+508 12CO(2-1) 30M-V03-A230 -109.1 -100.0 Eq 9608; 1
344; 3 B0355+508 12CO(2-1) 30M-V03-A230 -106.1 -100.0 Eq 9608; 1
345; 3 B0355+508 12CO(2-1) 30M-V03-A230 -103.0 -100.0 Eq 9608; 1
346; 3 B0355+508 12CO(2-1) 30M-V03-A230 -100.5 -100.0 Eq 9608; 1
347; 3 B0355+508 12CO(2-1) 30M-V03-A230 -97.5 -100.0 Eq 9608; 1
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...
416; 3 B0355+508 12CO(2-1) 30M-V04-B230 -109.1 -100.0 Eq 9608; 1
417; 3 B0355+508 12CO(2-1) 30M-V04-B230 -106.1 -100.0 Eq 9608; 1
418; 3 B0355+508 12CO(2-1) 30M-V04-B230 -103.0 -100.0 Eq 9608; 1
419; 3 B0355+508 12CO(2-1) 30M-V04-B230 -100.5 -100.0 Eq 9608; 1
420; 3 B0355+508 12CO(2-1) 30M-V04-B230 -97.5 -100.0 Eq 9608; 1
...
661; 3 B0355+508 12CO(1-0) 30M-V01-A100 -109.8 -90.0 Eq 9609; 1
662; 3 B0355+508 12CO(1-0) 30M-V01-A100 -106.7 -90.0 Eq 9609; 1
663; 3 B0355+508 12CO(1-0) 30M-V01-A100 -103.6 -90.0 Eq 9609; 1
664; 3 B0355+508 12CO(1-0) 30M-V01-A100 -101.2 -90.0 Eq 9609; 1
665; 3 B0355+508 12CO(1-0) 30M-V01-A100 -98.1 -90.0 Eq 9609; 1
...
734; 3 B0355+508 12CO(1-0) 30M-V02-B100 -109.8 -90.0 Eq 9609; 1
735; 3 B0355+508 12CO(1-0) 30M-V02-B100 -106.7 -90.0 Eq 9609; 1
736; 3 B0355+508 12CO(1-0) 30M-V02-B100 -103.6 -90.0 Eq 9609; 1
737; 3 B0355+508 12CO(1-0) 30M-V02-B100 -101.2 -90.0 Eq 9609; 1
738; 3 B0355+508 12CO(1-0) 30M-V02-B100 -98.1 -90.0 Eq 9609; 1
...
807; 3 B0355+508 12CO(2-1) 30M-V03-A230 -109.8 -90.0 Eq 9609; 1
808; 3 B0355+508 12CO(2-1) 30M-V03-A230 -106.7 -90.0 Eq 9609; 1
809; 3 B0355+508 12CO(2-1) 30M-V03-A230 -103.6 -90.0 Eq 9609; 1
810; 3 B0355+508 12CO(2-1) 30M-V03-A230 -101.2 -90.0 Eq 9609; 1
811; 3 B0355+508 12CO(2-1) 30M-V03-A230 -98.1 -90.0 Eq 9609; 1
...
880; 3 B0355+508 12CO(2-1) 30M-V04-B230 -109.8 -90.0 Eq 9609; 1
881; 3 B0355+508 12CO(2-1) 30M-V04-B230 -106.7 -90.0 Eq 9609; 1
882; 3 B0355+508 12CO(2-1) 30M-V04-B230 -103.6 -90.0 Eq 9609; 1
883; 3 B0355+508 12CO(2-1) 30M-V04-B230 -101.2 -90.0 Eq 9609; 1
884; 3 B0355+508 12CO(2-1) 30M-V04-B230 -98.1 -90.0 Eq 9609; 1
LAS90> list /scan
I-LISTE, Current index:
B0355+508 12CO(1-0) 30M-V01-A100 -109.1:+108.2 -100.0 Eq 9608; 73
B0355+508 12CO(1-0) 30M-V02-B100 -109.1:+108.2 -100.0 Eq 9608; 55
B0355+508 12CO(2-1) 30M-V03-A230 -109.1:+108.2 -100.0 Eq 9608; 73
B0355+508 12CO(2-1) 30M-V04-B230 -109.1:+108.2 -100.0 Eq 9608; 73
B0355+508 12CO(1-0) 30M-V01-A100 -109.8:+107.5 -90.0 Eq 9609; 73
B0355+508 12CO(1-0) 30M-V02-B100 -109.8:+107.5 -90.0 Eq 9609; 73
B0355+508 12CO(2-1) 30M-V03-A230 -109.8:+107.5 -90.0 Eq 9609; 73
B0355+508 12CO(2-1) 30M-V04-B230 -109.8:+107.5 -90.0 Eq 9609; 73
LAS90> list /scan /brief
I-LISTE, Current index:
9608; 274 9609; 292
It is also useful to get all the available setups of a file at a glance. This is available through the “list in
/toc” command
LAS90> file in 12co21-newfmt.30m
LAS90> list in /toc
I-LIST, Input index:
Number of sources...... 1
B0355+508 17210
Number of Lines........ 2
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Figure 2: Time series of the intensity as a function of velocity of 9000 dumped spectra part of 200 OTF
scans. Only 7 commands are needed to obtain this result, 4 of which are mandatory and 2 of which just
there to improve the visual aspect.
12CO(1-0) 8596
12CO(2-1) 8614
Number of backends..... 4
30M-V01-A100 4307
30M-V02-B100 4289
30M-V03-A230 4307
30M-V04-B230 4307
Number of setups....... 4
B0355+508 12CO(1-0) 30M-V01-A100 4307
B0355+508 12CO(1-0) 30M-V02-B100 4289
B0355+508 12CO(2-1) 30M-V03-A230 4307
B0355+508 12CO(2-1) 30M-V04-B230 4307
3.3 Index consistency
Loading a whole index as a 2D array implies that all the spectra are consistent (basically the same
coordinate system and the same frequency axis) to obtain meaningful results. A new command, named
LAS\CONSISTENCY, was introduced to check the consistency of all the spectra of the current index. The
source name, the source position, the line name and the frequency axis are checked by default. It is possible
to avoid one or several of those checks with the NOCHECK option. The commands which work on the whole
index (e.g. LOAD or TABLE) automatically trigger the check of the index consistency, if this check was not
already done previously.
3.4 Visualization
The following list of commands is all you need to plot as a single image (see Fig. 2) 9000 dumped spectra
part of 200 OTF scans observed in ∼ 4 hours.
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LAS90> lut rainbow3
LAS90> file in 12co21-newfmt.30m
LAS90> find
LAS90> load
LAS90> set mode y -2 15
LAS90> plot /index
3.5 Sorting
In the previous visualization, the dumped spectra were order according to their observation number, which
most often corresponds to the observing time sequence. However, it often happens that two sequential
OTF scans belongs to 2 far-away part of the same source. It is thus desirable to be able to sort dumped
spectra in the index by coordinates. In CLASS90, the “set sort keyword” command defines the sorting
that will be applied when the index will be built by the next find command. In particular, the keyword
may be lambda or beta. Fig. 3 shows the results of the following commands
LAS90> set mode y 0 8
LAS90> set angle second
LAS90> set sort beta
LAS90> for ilambda -470 to -260 by 30
LAS90> find /range ’ilambda’ ’ilambda+10’ * *
LAS90> if (found.ne.0) then
LAS90> load
LAS90> plot /index
LAS90> g\draw text 0 1 ’ilambda’"‘ < lambda < "’ilambda+10’"‘" 5 /char 8
LAS90> list
LAS90> pause
LAS90> endif
LAS90> next
which enables to view the dumped spectra with a good continuity in intensity.
3.6 Baseline fitting
Other operations than visualization may benefit from the definition of the 2D array. The first coming in
mind is baseline fitting. It is well known that this requires the separation of the spectrum channels between
signal and baseline, in other words the definition of baseline windows. When dealing with a small number
of spectra, the windows are often defined separately on each spectrum. When dealing with thousands of
spectra, we still need to define windows adapted to each individual spectrum as large velocity gradients
(e.g. in galaxies) may quickly move in frequency the separation between signal and baseline from one
spectrum to another. However, defining windows on each individual spectrum is both impractical and
inefficient as this does not take into account spatial homogeneity (really useful in case of moderately weak
lines). We thus enable the definition of spectral windows directly on the 2D plot with polygons.
The following set of commands are used to define the polygon and to fit the baselines
LAS90> file out 12co21-newfmt-base.30m new
LAS90> plot /index
LAS90> set window /polygon
LAS90> for iobs 1 to found
LAS90> get next
LAS90> base
LAS90> write
LAS90> next
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Figure 3: Beta sorted series of dumped spectra intensities as a function of the velocity. For each panel,
only the spectra with a lambda offset belonging to the same spatial resolution bin is shown. This is the
way to ensure the best possible intensity continuity from one to another dumped spectra.
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Figure 4: Beta sorted series of dumped spectra intensities as a function of the velocity. All the lambda
offsets are shown here, implying the presence of horizontal stripes in the image. This representation of the
data nevertheless enable a very quick (even though not optimal) first data reduction by the definition of
baseline windows through a polygon drawing.
Up to 21 independent polygons may be defined. The polygon boundaries are directly converted to indi-
vidual windows for each dumped spectra. Those windows are stored in the set%window SIC array which
is then used by the base and write commands. In the end, each spectrum will have its own baseline
window stored in its header. Each polygon is also stored in a separate file for the user’s convenience.
3.7 Interactive data exploration
Scripting is important for memory and/or for automating data processing. However, repeatedly typing
the same commands quickly becomes cumbersome in particular when discovering new data. Interactive
exploration of data is now available through the following set of commands
LAS90> file in 12co21-newfmt-base.30m
LAS90> set source YOUR-SOURCE
LAS90> set line 12CO(2-1)
LAS90> set tele 30M-V03-A230
LAS90> go explore
“go explore” enables loop visualization of data scan by scan or by offset range (as in section 3.5). It
is possible to visualize a 2D image or the average of the observations. Zoom are easily accessible as well
as popups of spectra and drifts. An up-to-date summary of the possibility is available by typing input
explore. “go explore” is best used in conjunction with the possibility to easily select a consistent setup.
To do this (i.e. exploring a subset of its input data file), the user must select this setup through the set
command because the “go explore” script issues many intermediate find commands. Both functionalities
(selection and exploration) are merged in the Explore Data File widget of the CLASS90 main menu.
Examples are given in Figs. 5 to 7.
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Figure 5: Data exploration by selecting Explore Data File from the CLASS90 main menu or by typing
go explore at the CLASS90 prompt. Upper right: The 73 dumped spectra of scan 9608. Upper left:
Intensity as a function of entry number, in ten contiguous velocity channels centered on the channel shown
as the vertical line of the upper right panel. Bottom right: Spectrum corresponding to entry number
19 defined as the horizontal line of the upper right panel. Bottom left: On-line documentation of this
interactive tool.
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Figure 6: Data exploration by scan. Left: 2D image of all dumped spectra of the scan. Right: Averaged
spectrum computed on all dumped spectra of the scan.
Figure 7: Same as Fig 6 except that the displayed data belong to a beta offset range.
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4 Miscellaneous changes
4.1 New defaults
A few defaults has been changed CLASS77 and CLASS90. They are summarized in Table 1. We are
Default kind Old names New names
Extension .bur .30m
Angular unit arcminute arcsecond
Epoch 1950.00 2000.00
Table 1: Correspondence between changed defaults in CLASS77 and CLASS90.
distribution a CLASS procedure named old-set-defaults.class which reset the set default in the
CLASS77 way.
4.2 Command names
Due to its long history, CLASS77 command name were sometimes awkward, e.g. the GAUSS command
which was launching a fit even though the fitting function was not Gaussian! We made the minimum
number of changed to avoid disturbing too much long standing habits of CLASS users. We are also
furnishing a CLASS procedure named old-command-names.class which aliases new and old names
through the use of GILDAS symbols. This is distributed for maximum backward compatibility, e.g. to
enable use of CLASS77 within CLASS90 (this is not foolproof though). However, it is clear that old
command names are obsolete and we advise users against the use of the aliases. In particular, users’ new
procedures should use new command names. Table 2 displays an exhaustive list of correspondence between
old and new names. The fit–related commands have been gathered into a separate language named FIT.
The GAUSS and FIT commands have been replaced by the more explicit MINIMIZE and VISUALIZE names.
For logical reasons, SUM has been replaced by the AVERAGE. Due to the new way of dealing with OTF data,
the RECORD command is now obsolete and will disappear soon. The GRID command is also obsolete as its
functionalities have been redistributed and extended in the TABLE and XY_MAP commands (cf. section 4.3).
Finally, the CFITS language has been replaced by a single LAS\FITS command. Indeed, most of the CFITS
commands were customized for tapes which are an obsolescent storage medium.
Old names New names
ANALYSE\GRID Obsolete (replaced by ANALYSE\TABLE and MAP\XY_MAP)
ANALYSE\DISPLAY FIT\DISPLAY
ANALYSE\FIT FIT\VISUALIZE
ANALYSE\GAUSS FIT\MINIMIZE
ANALYSE\ITERATE FIT\ITERATE
ANALYSE\KEEP FIT\KEEP
ANALYSE\LINES FIT\LINES
ANALYSE\METHOD FIT\METHOD
ANALYSE\RESIDUAL FIT\RESIDUAL
LAS\SUM LAS\AVERAGE
LAS\RECORD Obsolete (not useful anymore)
Table 2: Correspondence between command names in CLASS77 and CLASS90.
4.3 Griding and spectra cube visualization
The functionalities of the old ANALYSE\GRID command has been redistributed and extended in several
commands:
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• ANALYSE\TABLE creates a table containing the offsets, weights and intensities of all the dumped
spectra. A check of the consistency of the observations in the current index is performed at this
step, if not already done before.
• MAP\XY_MAP grids the dumped spectra from the table to an lmv cube. An image of the associated
weights is also produced for further processing like optimal combination of several data cubes.
• Moreover, all the plotting capabilities of GREG program has been imported inside CLASS so that
the user can directly visualize the data cube of the gridded spectra. For instance, Fig. 8 has been
obtained with the following sequence of commands:
LAS90> file in 12co21-newfmt.30m
LAS90> find
LAS90> table 12co21 new
LAS90> xy_map 12co21
LAS90> let name 12co21
LAS90> let type lmv
LAS90> go view
The “go view” scripts enables interactive visualization of a spectra cube. Channel maps may be
produced through the go bit command and position-velocity diagrams through the go xv and go
vy commands.
4.4 PLAIT algorithm
The PLAIT algorithm “combine” two spectra cubes resulting from OTF observation with orthogonal scan-
ning directions into a single spectra cube. It works in the Fourier plane and it reduces the striping due
to receiver and atmospheric instabilities which inevitably show up in OTF maps. A version of this algo-
rithm has been implemented as a GILDAS task named PLAIT from a previous version by C.Nieten (itself
elaborated on original ideas from the NOD2 package).
5 CLASS90 for beta testers
The current default version of CLASS is CLASS77. Soon enough, the default version will swap to
CLASS90, i.e. users will have access directly to CLASS90 when calling CLASS from the shell prompt.
There will be a warning that this is a new CLASS with modified features and that the old CLASS is
still available through the CLASS77 name in case of a problem with CLASS90. CLASS77 will stay
about one year after the swap to ensure good stability of CLASS90. However, no support will be given
anymore to CLASS77.
Before the swap happens, you can become beta testers of CLASS90 if you are interested by the new
features. Beta testers should be able to quickly get bug fixes in their version. We thus recommend they
use anonymous CVS in the following way:
1 shell-prompt> export CVSROOT=:pserver:anonymous@netsrv1.iram.fr:/CVS/GILDAS
2 shell-prompt> cvs co -r feb06 -d gildas-src-feb06 gildas
3 shell-prompt> cd gildas-src-feb06
4 shell-prompt> source admin/gildas-env.sh
5 shell-prompt> make
6 shell-prompt> make install
7 shell-prompt> cd packages/class90
8 shell-prompt> cvs up -r class90-stable
9 shell-prompt> make clean
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Figure 8: Screen-shot of result of the go view command. The top,left panel is the channel map corre-
sponding to velocity shown as a vertical red line in the top,right panel. The top,right panel displays the
spectrum at the position localized on the top,right panel. The bottom,left panel shows the line emission
integrated over the velocity range appearing in yellow on the bottom,right panel. This last panel displays
the spectrum averaged over the whole map. go view is an interactive command with many more features.
Please, type h to display the complete help.
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10 shell-prompt> make
11 shell-prompt> make install
Line 1 and 2 create a directory name gildas-src-feb06 with the feb06 “stable” monthly release. Lines
3 to 6 are the standard way to install GILDAS. As CLASS90 is evolving quickly, the CLASS90
version shipped in a GILDAS monthly release may be unstable. We thus recommend that you go to the
CLASS90 directory (line 7), update it to a “stable” version (line 8), compile and install it (lines 9 to 11).
Beta testers also refer to the manual which is being fully updated. Bug reports and suggestions of
improvements should be send to gildas@iram.fr. We will try to fix bugs quickly. We will consider
the feasibility of all suggestions on longer timescales. When a bug is fixed, here are the steps to update
CLASS90:
1 shell-prompt> export CVSROOT=:pserver:anonymous@netsrv1.iram.fr:/CVS/GILDAS
2 shell-prompt> cd gildas-src-feb06
3 shell-prompt> source admin/gildas-env.sh
4 shell-prompt> cd packages/class90
5 shell-prompt> cvs up -r class90-stable
6 shell-prompt> make
7 shell-prompt> make install
Line 5 is the line which will update the class90 directory. Be sure to type it only in the
gildas-src-feb06/packages/class90 directory to ensure that only CLASS90 is updated because noth-
ing ensure that other parts of GILDAS are “stable” between 2 monthly releases.
Have fun!
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ABSTRACT
The advent of large instantaneous bandwidth receivers and high spectral resolution spectrometers on (sub-)millimeter telescopes has
opened up the possibilities for unbiased spectral surveys. Because of the large amount of data they contain, any analysis of these
surveys requires dedicated software tools. Here we present an extension of the widely used CLASS software that we developed to
that purpose. This extension, named Weeds, allows for searches in atomic and molecular lines databases (e.g. JPL or CDMS) that
may be accessed over the internet using a virtual observatory (VO) compliant protocol. The package permits a quick navigation
across a spectral survey to search for lines of a given species. Weeds is also capable of modeling a spectrum, as often needed for
line identification. We expect that Weeds will be useful for analyzing and interpreting the spectral surveys that will be done with the
HIFI instrument onboard Herschel, but also observations carried-out with ground based millimeter and sub-millimeter telescopes and
interferometers, such as IRAM-30 m and Plateau de Bure, CARMA, SMA, eVLA, and ALMA.
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1. Introduction
A spectral survey consists in a series of spectra covering a signif-
icant spectral domain. At (sub-)millimeter wavelengths, a spec-
tral survey typically covers several tens of GHz. Spectral surveys
are generally referred to as unbiased if they provide a complete
coverage with a uniform sensitivity. As such, they allow for a
complete census of the species emitting in that band, and some-
times for discovery of new interstellar species. In addition, be-
cause a given band often contains many transitions of the same
species, the simultaneous analysis of all these lines provides
stringent constraints on the physical conditions in the emitting
gas, such as the density and temperature. Therefore spectral sur-
veys are very useful for characterizing both the chemical com-
position and physical condition in the observed objects.
Ever since the pioneering work of Johansson et al. (1984),
who carried-out an unbiased spectral survey of the Orion KL
star-forming region and IRC +10216 carbon-rich star between
72 and 91 GHz with the Onsala telescope, many spectral sur-
veys have been carried-out at millimeter and sub-millimeter
wavelengths using ground-based telescopes (see Herbst &
van Dishoeck 2009, for a review). Because of the limited sen-
sitivity of the instruments available at that time, early spectral
surveys were targeted at bright star-forming regions, such as
Orion KL and Sgr B2 in the millimeter range. Thanks to the in-
creasing sensitivity of heterodyne receivers and the availability
of sub-millimeter telescopes, these surveys were later extended
to higher frequencies (e.g. Schilke et al. 1997, 2001; Comito
et al. 2005) and carried-out towards fainter young stellar objects
(e.g. NGC 1333 IRAS4 or IRAS16292-2422; Blake et al. 1994;
van Dishoeck et al. 1995; Blake et al. 1995). A few spectral
surveys have been carried with millimeter and sub-millimeter
interferometers, such as OVRO or the SMA (e.g. Blake et al.
1996; Beuther et al. 2006). The HIFI instrument (de Graauw
et al. 2010) onboard the Herschel space observatory (Pilbratt
et al. 2010) now allows for a complete coverage of the almost
unexplored 480–1250 and 1410–1910 GHz frequency bands. Its
large spectral coverage – up to 4 GHz instantaneous bandwidth
– and unprecedented sensitivity in this frequency range enable
astronomers to carry-out spectral surveys over almost 1.5 THz
down to the line confusion limit in a few tens of hours. The first
spectral surveys with this instrument have already given spectac-
ular results (Bergin et al. 2010; Ceccarelli et al. 2010). Among
these, we can cite the richness of the Orion BN-KL spectrum ob-
served at THz frequencies (see Fig. 2, Bergin et al. 2010) or the
discovery of ND in IRAS16293-2422 (Bacmann et al. 2010).
Current developments in (sub-)millimeter instruments in-
clude an increase in the instantaneous bandwidth of the detection
devices. During the past decade, the instantaneous bandwidth of
tunable heterodyne receivers has increased by more than an or-
der of magnitude, now routinely reaching ∼10 GHz. Other tech-
nologies (e.g. HEMT, FCRAO and IRAM) have already pro-
vided several tens of GHz, although it is still unclear whether
the sensitivity of these receivers can match that of SIS receivers.
This increase in bandwidth has been accomplished in parallel
with the advent of digital spectrometers (autocorrelators, fast
Fourier transform), the versatility of which allow the coverage of
such bandwidth with a spectral resolution down to a few hundred
kHz. As a result, unbiased spectral surveys of the 3 mm atmo-
spheric window (ν = 80−117 GHz) can be done with the IRAM-
30 m telescope in ∼10 h, with a 2 mK noise at 1σ in 2 MHz
(∼6 km s−1) spectral channels. The ALMA interferometer will
also permits coverage of large frequency windows, providing
spectral cubes with up to 8 GHz bandwidth (Wootten 2008).
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Thanks to its sensitivity, this instrument will allow, in its com-
pact configuration, line surveys to be carried-out down to the
confusion limit toward a large number of sources. Spectral sur-
veys are thus still in their infancy and will very likely become
routine observing modes in the coming years.
Spectral surveys covering large frequency bands require spe-
cific tools to be analyzed eﬃciently. In this article, we present
a software that is intended for the analysis of spectral surveys.
In Sect. 2, we briefly describe how such surveys are analyzed.
In Sect. 3 we detail how our software was designed and imple-
mented to carried-out such an analysis. Finally Sect. 4 concludes
this article and discuss future developments.
2. Spectral surveys analysis
The analysis of a spectral survey usually consists in identify-
ing the various lines and in deriving the physical and chemical
properties of the emitting gas (density, temperature and column
densities of the observed species). The main diﬃculty in such
identification is that large molecules may have hundreds of lines
in the (sub-)millimeter range. These species – such as methanol,
methyl formate or dimethyl ether – are often named weeds by
spectroscopists. If the lines are too broad, they may overlap and
blend together, which makes the identification of weaker lines
diﬃcult. This is the line confusion limit (Schilke et al. 1997):
line identification is not limited by the signal-to-noise of the ob-
servations, but by the line blending.
Because of this problem, extreme care must be taken
when identifying species from a spectral survey. Herbst &
van Dishoeck (2009) summarize the criteria for a firm detec-
tion as follows: “(i) rest frequencies are accurately known to
1:107, either from direct laboratory measurements or from a
high-precision Hamiltonian model; (ii) observed frequencies of
clean, nonblended lines agree with rest frequencies for a single
well-determined velocity of the source; if a source has a sys-
tematic velocity field as determined from simple molecules, any
velocity gradient found for lines of a new complex molecule
cannot be a random function of transition frequency; (iii) all
predicted lines of a molecule based on an LTE spectrum at a
well-defined rotational temperature and appropriately corrected
for beam dilution are present in the observed spectrum at roughly
their predicted relative intensities. A single anticoincidence (that
is, a predicted line missing in the observational data) is a much
stronger criterion for rejection than hundreds of coincidences
are for identification. This last criterion is one of the strongest
arguments for complete line surveys rather than targeted line
searches”.
The rest frequencies needed to fulfill criterion (i) are usually
taken from spectral lines catalogs, such as the Cologne Database
for Molecular Spectroscopy (CDMS, Müller et al. 2001) or the
JPL Molecular Spectroscopy catalog (Pickett et al. 1998). For
criterion (ii), we need to compare the consistency of the cen-
troid velocities of all the line candidates. Finally criterion (iii)
requires to perform a model of the predicted emission of the
given species so that it can be compared with the observations.
The traditional technique for this consist in building a rotational
diagram (Goldsmith & Langer 1999) to see if all detected lines
agree with a single rotational temperature and column density.
Alternatively, one can compute synthetic spectrum and compare
it directly with the observations – a technique called forward fit-
ting (Comito et al. 2005). This approach is also extremely useful
when one wants to search for weak lines of a specie among hun-
dreds from various weeds: a synthetic spectrum of the emission
of the weeds can be constructed to fit the observed transitions in
an iterative fashion. Once the brightest lines have been modeled,
one can compare the synthetic spectrum to the observed one to
look for lines from less abundant species (see Belloche et al.
2008, for an example of this technique). Of course, this also al-
lows the physical and chemical properties of the emitting gas to
be derived.
Since spectral surveys may contain thousands of lines, they
require specific tools to be eﬃciently analyzed. Two pack-
ages have been developed for that purpose. The first of them,
XCLASS (Schilke et al. 2001), is an extension of the widely
used CLASS data reduction software, which is part of Gildas.
XCLASS contains a spectral line database which is built from
the CDMS and JPL catalogs. Technically, it uses the MySQL
database server which must be installed on the user com-
puter. This database may be updated manually, by replacing
the database file by the one provided by the program authors.
XCLASS allows the user to look for lines corresponding to a
given frequency in its catalog, but also to make a model at the
LTE of the observed spectra. XCLASS has been successfully
used to reduce several spectral surveys obtained with the CSO
and the IRAM-30 m (Schilke et al. 2001; Comito et al. 2005;
Belloche et al. 2008). However, XCLASS is based on an ob-
solete version of CLASS, which is not maintained anymore.
Indeed, the CLASS internal structures was largely rewritten in
2005–2006 to adapt to the challenges of data reductions com-
ing with the recent generation of receivers (Hily-Blant et al.
2005). The second package, CASSIS, has been developed pri-
marily to analyze Herschel-HIFI spectral surveys, although it
can be used to analyze surveys from ground based telescopes
as well. CASSIS itself does not have data reduction capabilities;
therefore data must first be reduced in another software such as
CLASS or HIPE (Ott et al., in prep.) before analysis in CASSIS.
CASSIS uses a database which is built from the CDMS and the
JPL catalog; in recent CASSIS versions, this database (SQLite)
is embedded in the program so that an external database server is
no longer required. Like XCLASS, CASSIS allows the forward-
fitting of a spectrum, but also the search for the various transi-
tions of a given specie.
3. Weeds design and implementation
3.1. General design
Weeds has been designed specifically to analyze spectral sur-
veys, following the approach presented in Sect. 2. Although its
development was inspired by the XCLASS and CASSIS pack-
ages, it is diﬀerent in several aspects. Weeds is an extension of
the current version of the CLASS software, and is mostly writ-
ten in Python language, except for a few command written in the
Gildas command interpreter (SIC) language. To do this, Weeds
uses the new possibility oﬀered by GILDAS to interleave Python
and SIC in the same session (Bardeau et al. 2010). In particular,
the variable contents are shared between Python and SIC. Python
has several advantages over other languages for developing such
extensions. It benefits from a large library of modules that al-
low complex tasks – such as making a query in a VO-compliant
database, see Sect. 3.2 – to be done relatively easily. Although it
is interpreted, it is still computationally eﬃcient, because criti-
cal modules (e.g. the module for array computations that we use
for the spectra modeling, see Sect. 3.4) are written in compiled
languages such as C or Fortran. Weeds is distributed with Gildas
since April 2010. The source code is freely available from the
IRAM website1. A user manual is also available on that page.
1 http://iram.fr/IRAMFR/GILDAS/
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Because Weeds is an extension of CLASS, it can be used to
analyze any data format that CLASS supports. In practice, the
CLASS data format is used by many ground-based telescopes
(e.g. IRAM-30 m, CSO and APEX). Data from other telescopes
can be converted to FITS format and imported into CLASS as
well. For example, Herschel-HIFI can be imported into CLASS
through the FITS filler delivered by the HIPE data reduction
software (Delforge et al., in prep.). In order to analyze data in
Weeds, the data must have been calibrated and reduced first. The
reduction usually consists in flagging the bad channels, averag-
ing the scan covering the same frequency range together, and
removing a polynomial baseline. If the data were obtained with
double sideband (DSB) receiver, sideband deconvolution might
be needed in order to produce a SSB spectrum. This requires a
special observing technique, i.e. a number of overlapping spec-
tra with shifted local oscillator frequency. Deconvolution can
then be performed in CLASS using the algorithm developed by
Comito & Schilke (2002). Thus data reduction and analysis can
be done within the same environment.
3.2. Spectral line catalogs queries
As mentioned above, line identification requires repeated queries
to spectral lines catalogs, such as the CDMS or the JPL. Unlike
XCLASS and CASSIS – who require a custom catalog installed
on the user’s computer – Weeds performs queries in spectral line
databases through the Internet2. This has the advantage of not re-
quiring any update of a custom catalog: changes in the database,
such as species addition or line frequency corrections or up-
dates, are readily available in Weeds. In order to make queries in
spectral lines catalogs, we have implemented the VO-compliant
Simple Line Access Protocol (SLAP, Salgado et al. 2009) in
Weeds. This protocol allows spectral line databases queries to
be made in a standardized way; any database that implements the
protocol can be accessed by Weeds. Because it is a VO standard,
it is likely that more and more spectral line database will use it in
the future. Nonetheless, as of this writing only the CDMS is ac-
cessible using that protocol, through an interface at the Paris VO
Observatory (Moreau et al. 2008). Therefore, in order to access
the JPL catalog from Weeds, we have implemented queries in
the specific protocol which is used by this database. The CDMS
can be accessed through its own protocol as well.
For the moment, only one database can be used at a time; it
is not possible to combine the catalogs, i.e. to use species some
out the JPL and some out the CDMS. In the future, the VAMDC
project3 will provide a single, unified database, including state-
of-art spectroscopic data from both the CDMS and the JPL cat-
alogs. We plan on implementing an access to this database from
Weeds as soon as it it released.
From the user point of view, Weeds provides a command
to search for lines corresponding to a given frequency range
in a spectral line catalog. The user can select a region on the
spectrum displayed in CLASS, and the command prints all the
lines from the catalog around the region selected. The lines can
be filtered out on the basis of the species they belong to, their
Einstein coeﬃcient, or their upper level energy. For double side-
band spectra, a command option allows the search for lines from
the image band.
2 However, Weeds can make a cache of part or an entire catalog, so
that it can be used later with no Internet connection.
3 http://www.vamdc.org/
3.3. Lines browsing/identification
To secure the detection of a species in a spectral survey, one
needs, according to criterion (ii) to search for all the transitions
of that species in the entire frequency range covered by the sur-
vey. One also needs to measure the velocity of each line to check
that they correspond to a single velocity. Weeds allows the user
to browse through a survey rapidly. For this, Weeds has a com-
mand to search for all the lines of a given specie that fall in the
frequency range covered by the survey. The command prints the
lines in the terminal, but also builds an internal index containing
all these lines, that we can order either by increasing frequency
or increasing upper level energy. Another command allow the
user to examine each of the line candidate one by one, to see
if the line is detected or not. This command makes a zoom on
a small frequency region around the (expected) line, and also
sets the velocity scale with respect to the rest frequency of the
line. A vertical mark is also drawn on the displayed spectrum at
the source velocity, so that we can easily determine if the line
is detected or not. A Gaussian fit of the observed line may be
performed to determine the velocity of each line.
3.4. Spectra modeling
Once several transitions of a given specie have been found, one
needs to check if the relative intensities of these components
agree with a single excitation temperature (criterion (iii)). In ad-
dition, one needs to make sure that non-detected lines are consis-
tent with the excitation temperature derived from other species
– or in other words, that no lines are “missing”. For this Weeds
allows the user to compute a synthetic spectrum that can be com-
pared directly with the observations (forward-fitting). Following
the approach used in XCLASS and described in Comito et al.
(2005) the synthetic spectrum is computed assuming that the
emission arises from one or several components at the LTE.
Although this approximation is simplistic – it is well known that
in the interstellar medium species are often out of local ther-
modynamic equilibrium, and many sources are known to have
density and temperature gradients – yet such a zeroth-order ap-
proach is often extremely useful to identify lines, as mentioned
above. Once the lines have been identified, a more realistic mod-
eling, taking into account non-LTE excitation eﬀects as well as
the source structure, can be carried-out.
Under these assumptions, and after baseline subtraction, the
brightness temperature of a given species as a function of the rest
frequency ν is given by:
TB (ν) = η
[
Jν (Tex) − Jν
(
Tbg
)] (
1 − e−τ(ν)
)
(1)
where η is beam dilution factor, which, for a source with a
Gaussian brightness profile and a Gaussian beam, is equal to:
η =
θ2s
θ2s + θ
2
t
(2)
where θs and θt the source and telescope beam FWHM sizes,
respectively. For a sake of simplicity, the latter is assumed to be
given by the diﬀraction limit4
θt = 1.22
c
νD
(3)
4 (Sub-)millimeter telescopes usually have tapers that limit the power
received in side-lobes. Because of this, the telescope beam size may
be diﬀerent that of a purely diﬀraction limited antenna of the same di-
ameter. However, the diﬀerence between the two is usually small: at
100 GHz, the measured FWHM of the IRAM-30 m is 24.6′′ , while
Eq. (3) gives 25.2′′.
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Fig. 1. Spectra between 524.2 and 525.5 GHz observed towards Orion-KL with Herschel-HIFI (filled histogram) and LTE model produced with
Weeds (continuous black line). The rest frequencies of several detected methanol lines are indicated.
where c is the light speed and D is the diameter of the telescope.
Tbg is the brightness temperature of the background emission,
i.e. the physical temperature that would have a black body pro-
ducing the same background continuum emission (e.g. 2.73 K
for the cosmic microwave background). Tex is the excitation tem-
perature, and the opacity τ (ν) is:
τ (ν) = c
2
8πν2
Ntot
Q(Tex)
∑
i
Ai giu e−E
i
u/kTex
(
ehν
i
0/kTex − 1
)
φi (4)
where the summation is over each line of the considered species.
Here Ntot is the total column density of the species considered,
Q(Tex) is the partition function, Ai is the Einstein coeﬃcient of
the i line, giu and Eu are the upper level degeneracy and energy
of the i line, and φi is the i line profile function. The latter is
given by:
φi =
1
σ
√
2π
e−(ν−νi0)2/2σ2 (5)
where νi0 the is i line rest frequency and σ the line width in fre-
quency units at 1/e. σ can be expressed as a function of the line
FWHM in velocity units ΔV as follows:
σ =
νi0
c
√
8 ln 2
ΔV. (6)
Note that some of the model parameters may be degenerate in
certain cases. In the optically thick or thin limits, the source size
and temperature or the size and column density are degenerate,
respectively (see Eqs. (1) and (3)). This degeneracy can be usu-
ally lifted if both thick and thin lines are present in the survey,
or if lines from an rare isotopologue are detected together with
the main one (e.g. 13CH3OH and CH3OH). The source size may
also be constrained from interferometric observations.
Several components with e.g. diﬀerent kinetic temperature or
column density can be included in the computation. For this, we
assume that the various components are not coupled radiatively
– that is a photon from one component can not be absorbed by
a another, foreground component – in which case the emerg-
ing spectrum is simply the sum of the brightness temperature of
each components given by Eq. (1). Each of these component can
be Doppler-shifted with respect to each other, which is useful
when modeling sources with several components at diﬀerent ve-
locities. It is also possible to compute the spectra from several
species; this is done by a summation of Eq. (1) over each specie.
The column densities, kinetic temperatures, Doppler width
and source sizes for each species and components are read from
a text file. Einstein coeﬃcients, upper level degeneracy and en-
ergies as well as the partition functions are taken from spectral
line catalogs. Because these catalogs usually give the partition
functions at a few temperatures only, the partition function at
the user temperature is computed from a linear interpolation (or
extrapolation if the user given temperature is outside the range
of temperature provided in the catalog). When computing the
synthetic spectrum, a frequency sampling corresponding to the
minimum ΔV divided by 10 is taken (or a frequency sampling
equal to that of the observed spectra, if it smaller than the min-
imum ΔV divided by 10). This ensures that the sampling at all
frequencies and for all species and components is suﬃcient. At
the end of the computation, the synthetic spectrum is re-sampled
to the same channel spacing than the observed spectrum in order
to take the channel dilution factor into account. This allows for
a direct comparison between the synthetic and observed spectra.
In Fig. 1, we show an example of such a modeling. The fig-
ure shows a spectrum between 524.2 and 525.2 GHz observed
towards Orion-KL with Herschel-HIFI as part of the HEXOS
guaranteed time key program (Bergin et al. 2010). These data
have been already presented by Wang et al. (2010). Several
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methanol lines are detected. On this figure we show model pre-
dictions computed with a Weeds for a single component source
with N(CH3OH) = 2 × 1017 cm−2, θS = 18′′, T = 80 K
and ΔV = 4 km s−1, and using the JPL database. Overall, the
model predictions are in good agreement with the observations
– in particular, we reproduce successfully the relative intensity
of the brightest lines. On the other hand, this simple model un-
derestimates the small line at 524 620 MHz and the shoulder at
524 880 MHz, maybe suggesting several emitting components
and/or non-LTE excitation. Note that for the given parameters
the emission is predicted to be optically thin, so that the column
density and source size can not be constrained independently.
A complete analysis of the methanol emission in this source
is clearly beyond the scope of this paper; however this exam-
ple demonstrates how a simple LTE model is useful to identify
lines in a spectral survey. Finally, we have crossed-checked these
model predictions with CASSIS and two packages were found
to be in excellent agreement.
4. Conclusions and prospects
We have presented an extension of the CLASS data reduction
software for analyzing spectral surveys. This extension allows
the user to make queries in spectral line databases using a VO
compliant protocol. It also allows the user to quickly search for
the various transitions of a given specie. Finally it can compute
model predictions at the LTE, as often needed to identify lines
in spectra close to the confusion limit. Weeds has already been
successfully used to analyze part of the IRAS 16293-2422
survey obtained with Herschel-HIFI (Bacmann et al. 2010;
Hily-Blant et al. 2010), and we expect that it will be useful
for future spectral surveys with this instrument as well. We
think that it will become a standard tool for analyzing spectral
surveys obtained with single dish ground based telescopes such
as the IRAM-30 m. Yet, Weeds is not limited to the analysis
of single dish observations. It may be used to analyze spectral
surveys obtained with interferometers as well, such as the
IRAM Plateau de Bure, CARMA, the SMA, and the upcoming
ALMA and eVLA interferometers. In fact, since Weeds is
written in Python, it could be used from the Python based
CASA software, that will be used by the eVLA and ALMA.
However, analyzing ALMA data will be challenging, because
these data will consist in large spectral cubes, i.e. essentially a
spectral survey on large number of pixels. In fact, doing such
an analysis by hand, i.e. identifying the various lines/species
on each spectrum of map is probably impossible; this will
require some automatic fitting tools to extract the relevant
information (column densities and excitation temperature of the
various species) as a function of position. Such tools require eﬃ-
cient minimization algorithms to fit a model with a large number
of free parameters to the data. The development of such tools is
already in progress (e.g. in XCLASS using the MAGIX mini-
mization framework), and implementing these automatic fitting
tools in Weeds would be desirable in the future.
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IRAM Memo 2009-1
IRAM-30m EMIR time/sensitivity estimator
J. Pety1,2, S. Bardeau1, E. Reynier1
1. IRAM (Grenoble)
2. Observatoire de Paris
Feb, 18th 2010
Version 1.1
Abstract
This memo describes the equations used in the IRAM-30m EMIR time/sensitivity estimator avail-
able in the GILDAS/ASTRO program. A large part of the memo aims at deriving sensitivity estimate for
the case of On-The-Fly observations, which is not clearly documented elsewhere (to our knowledge).
Numerical values of the different parameters used in the time/sensitivity estimator are grouped in
appendix A.
History:
Version 1.0 (Feb, 04th 2009).
Version 1.1 (Feb, 18th 2010) Simplified.
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1 Generalities
1.1 The radiometer equation
The radiometer equation for a total power measurement reads
σ =
Tsys
ηspec
√
dν t
, (1)
where σ is the rms noise obtained by integration during t in a frequency resolution dν with a system whose
system temperature is given by Tsys and spectrometer efficiency is ηspec. However, total power measurement
includes other contributions (e.g. the atmosphere emission) in addition to the astronomical signal. The
usual way to remove most of the unwanted contributions is to switch, i.e. to measure alternatively on-
source and off-source and then to subtract the off-source from the on-source measurements. It is easy to
show that the rms noise of the obtained measurement is
σ =
√
σ2on + σ2off =
Tsys
ηspec
√
dν tsig
with tsig =
ton toff
ton + toff
, (2)
where σon and σoff are the noise of the on and off measurement observed respectively during the ton and
toff integration time. tsig is just a useful intermediate quantity.
1.2 System temperature
The system temperature is a summary of the noise added by the system. This noise comes from 1) the
receiver and the optics, 2) the emission of the sky, and 3) the emission picked up by the secondary side
lobes of the telescope. It is usual to approximate it (in the T ?a scale) with
Tsys =
(1 +Gim) exp {τsA}
Feff
[Feff Tatm (1− exp {−τsA}) + (1− Feff)Tcab + Trec] , (3)
where Gim is the receiver image gain, Feff the telescope forward efficiency, A = 1/ sin(elevation) the
airmass, τs the atmospheric opacity in the signal band, Tatm the mean physical atmospheric temperature,
Tcab the ambient temperature in the receiver cabine and Trec the noise equivalent temperature of the
receiver and the optics. All those parameters are easily measured, except τs, which is depends on the
amount of water vapor in the atmosphere and which is estimated by complex atmospheric models.
1.3 Elapsed telescope time
The goal of a time estimator is to find the elapsed telescope time (ttel) needed to obtain a given rms noise,
while a sensitivity estimator aims at finding the rms noise obtained when observing during ttel. If tonoff is
the total integration time spent both on the on-source and off-source observations, then
tonoff = ηtel ttel, (4)
where ηtel is the efficiency of the observing mode, i.e. the time needed 1) to do calibrations (e.g. pointing,
focus, temperature scale calibration), and 2) to slew the telescope between useful integrations.
The tuning of the receivers is not proportional to the total integration time but it should be added to
the elapsed telescope time. A time estimator can hardly anticipate the total tuning time for a project.
Indeed, one project (e.g. faint line detection) can request only one tuning to be used during many hours
and another (e.g. line survey) can request a tuning every few minutes. In our case, we thus request that
the estimator user add by hand the tuning time to the elapsed telescope time estimation.
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1.4 The number of polarizations
Heterodyne mixers are coupled to a single linear polarization of the signal. Hence, heterodyne receivers
have at least two mixers, each one sensitive to one of the two linear polarization of the incoming signal.
Both mixers are looking at the same sky position. This implies that we have to distinguish between the
time spent on a given position of sky and the human elapsed time. Indeed, we will use the time spent on
a given position of the sky when estimating the sensitivity, while we will give human elapsed time for the
telescope and the on and off times.
If the mixers are tuned at the same frequency, the times spent on and off in the same direction of
the sky will be twice the human elapsed time. We thus have to introduce the number of polarization
simultaneously tuned at the same frequency, npol, which can be set to 1 or 2. It happens that for EMIR,
the two polarizations are always tuned at the same frequency, i.e. npol = 2. The simplest way to take into
account the distinction between human time and sky time is to slightly modify the radiometer equation
to take into account the number of polarization
σ =
Tsys
ηspec
√
dν npol tsig
with tsig =
ton toff
ton + toff
. (5)
This equation implies that ton, toff , tonoff and ttel will be human times.
1.5 Switching modes and observation kinds
Switching is done in two main ways.
Position switch where the off-measurement is done on a close-by sky position devoid of signal. Wobbler
switching is a particular case.
Frequency switch where the telescope always points towards the the source and the switching is done
in the frequency (velocity) space.
Moreover, there are two main observation kinds.
Tracked observations where the telescope track the source, i.e. it always observes the same position in
the source referential. The result is a single spectra.
On-The-Fly observations where the telescope continuously slew through the source with time to map
it. The result is a cube of spectra.
In the following, we will work out the equations needed by the time/sensitivity estimator for each
combination.
2 Tracked observations
2.1 Frequency switched
In this case, all the time is spent in the direction of the source. However, the frequency switching also
implies that all this times can be counted as on-source and off-source times. Thus
tonoff = ton = toff , (6)
tsig =
ton
2
=
toff
2
=
tonoff
2
, (7)
and
σfsw =
√
2Tsys
ηspec
√
dν npol ηtel ttel
. (8)
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2.2 Position switched
In this case, only half of the time is spent in the direction of the source. Thus
ton = toff =
tonoff
2
, (9)
tsig =
ton
2
=
toff
2
=
tonoff
4
, (10)
and
σpsw =
2Tsys
ηspec
√
dν npol ηtel ttel
. (11)
2.3 Comparison
For tracked observations, position switched observations results in a noise rms
√
2 larger than frequency
switched observations for the same elapsed telescope time. In other words, frequency switched observations
are twice as efficient in time to reach the same rms noise than position switched observations.
However, time efficiency is not the only criteria of choice. Indeed, with the current generation of
receivers (before march 2009), the IF bandpass is much cleaner in position switched than in frequency
switched observations. Frequency switched is thus really useful only when the lines are narrow so that the
IF bandpass can be easily cleaned out through baselining with low order polynomials.
3 On-The-Fly observations
3.1 Additional notions and notations
The On-The-Fly (OTF) observing mode is used to map a given region of the sky. The time/sensitivity
estimator will have to link the elapsed telescope time to cover the whole mapped region to the sensitivity
in each independent resolution element. To do this, we need to introduce
• Amap and Abeam, which are respectively the area of the map and the area of the resolution element.
The map area is a user input while the resolution area is linked to the telescope full width at half
maximum (θ) by
Abeam =
ηgrid pi θ
2
4 ln(2)
(12)
where ηgrid comes from the fact that the OTF data is gridded by convolution. When the convolution
kernel is a Gaussian of FWHM equal to θ/3 (the default inside the GILDAS/CLASS software), it is
easy to show that
ηgrid = 1 +
1
9
' 1.11. (13)
• The number of independent measurement (nbeam) in the final map which is given by
nbeam =
Amap
Abeam
. (14)
• The on and off time spent per independent measurement, tbeamon and tbeamoff . The associated tbeamsig can
then be written
tbeamsig =
tbeamon t
beam
off
tbeamon + tbeamoff
(15)
• The on and off time spent to map the whole map, ttoton and ttotoff . tonoff is deduced from ttoton and ttotoff
in a way which depends on the switching scheme.
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In addition, we must ensure that the user does not try to scan faster than the telescope can slew. To do
this, we need to introduce
• The linear scanning speed, vlinear, and its maximum value, vmaxlinear.
• The area scanning speed, varea, and its maximum value, vmaxarea . When the scanning pattern is linear,
then varea and vlinear are linked through
varea = vlinear∆θ, (16)
where ∆θ is the separation between consecutive rows. To avoid nasty signal and noise aliasing
problems, we must ensure a Nyquist sampling, i.e.
∆θ =
θ
2.5
. (17)
3.2 Frequency switched
In frequency switched observations, the switching happens as the telescope is slewed. This is correct as
long as the switching time is much smaller than the time needed to slew a significant fraction of the
telescope beam.
It is easy to understand that
tonoff = ttoton = t
tot
off , (18)
tbeamon = t
beam
off =
tonoff
nbeam
, (19)
tbeamsig =
tbeamon
2
=
tbeamoff
2
=
tonoff
2nbeam
, (20)
and
σfsw =
√
2nbeam Tsys
ηspec
√
dν npol ηtel ttel
. (21)
The velocity check can then be written as
Amap
tonoff
≤ vmaxarea . (22)
3.3 Position switched
3.3.1 Two key points: 1) Sharing OFF among many ONs and 2) system stability timescale
When the stability of the system is long enough, we can share the same off for several independent on-
positions measured in a row (e.g. ON-ON-ON-OFF-ON-ON-ON-OFF...). The first key point here is the
fact that the on-positions must be independent. The OTF is an observing mode where the sharing of
the off can be used because the goal is to map a given region of the sky made of independent positions
or resolution elements. When sharing the off-position between several on, Ball (1976) showed that the
optimal off integration time is
toptimaloff =
√
non/off ton (23)
where non/off is the number of on measurements per off. Replacing toff by its optimal value in eq. 5, we
obtain
tsig =
ton
1 + 1√non/off
and σ =
Tsys
ηspec
√
dν npol ton
√
1 +
1√
non/off
. (24)
We thus see that the rms noise decreases when the number of independent on per off increases. It seems
tempting to have only one off for all the on positions of the OTF map. However, the second key point of
the method is that the system must be stable between the first and last on measurement. To take this
point into account we must introduce
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• The concept of submap, which is a part of a map observed between two successive off measurements.
• Asubmap, which is the area covered by the telescope in each submap.
• nsubmap the number of such submaps needed to cover the whole map area.
• tstable, the typical time where the system is stable. This time will be the maximum time between
two off measurements, which is noted tsubmap.
• ncover, the number of coverages needed either to reach a given sensitivity or to exhaust the acquisition
time.
• tcoveron and tcoveroff are the times spent respectively on and off per independent measurement and per
coverage.
We note that the number of on per off (non/off) is a purely geometrical quantity. This implies that the time
spent off is linked to the time spent on by Eq. 23 both in each individual coverage and when averaging all
the coverages.
3.3.2 Relation between tonoff and tbeamsig
By construction
• The number of submaps is the area of the map divided by the area of a submap
nsubmap =
Amap
Asubmap
. (25)
• The number of on per off is the number of independent resolution elements in each submap
non/off =
Asubmap
Abeam
. (26)
• The number of independent resolution elements in the map is the product of number of submaps by
the number of on per off
nbeam = nsubmap non/off . (27)
• The submap area is the product of the area velocity by the time to cover it
Asubmap = varea tsubmap. (28)
• The time to scan a submap is the sum of the non/off independent on integration time
tsubmap = non/off tcoveron . (29)
• The relations between times per coverage and times integrated over all the coverages are
tbeamon = ncover t
cover
on and t
beam
off = ncover t
cover
off with t
cover
off =
√
non/off t
cover
on . (30)
• Using the last two points, it is easy to derive
tbeamsig = ncover t
cover
sig =
ncover tsubmap
non/off +
√
non/off
. (31)
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• Finally, the total time spent on and off is given by
tonoff = ncover nsubmap (non/off tcoveron + t
cover
off ). (32)
Using Eqs. 23 and 29, we derive
tonoff = ncover tsubmap nsubmap
(
1 +
1√
non/off
)
. (33)
Both tbeamsig and tonoff are proportional to ncover tsubmap (cf. Eqs. 31 and 33). It is thus easy to derive that
tonoff = tbeamsig nsubmap
(
1 +√non/off
)2
. (34)
Using Eq. 27, we can replace non/off and obtain
tonoff = tbeamsig
(√
nsubmap +
√
nbeam
)2
. (35)
Using Eqs. 5, 4 and 35, we obtain
σpsw =
(√
nbeam +
√
nsubmap
)
Tsys
ηspec
√
dν npol ηtel ttel
. (36)
The last equation in theory enables us to find the rms noise as a function of the elasped telescope time
(sensitivity estimation) and vice-versa (time estimation). However, it is not fully straightforward because
we must enforce that ncover and nsubmap have an integer value.
3.3.3 Time/Sensitivity estimation
This paragraph describes the algorithm to do a time/sensitivity estimation for a position-switched On-
The-Fly observation.
Step #1: Computation of nbeam and nsubmap
nbeam is just computed as the ratio Amap/Abeam. Using Eqs. 28 and 25, we obtain
nsubmap =
Amap
varea tsubmap
. (37)
Using this equation, we start to compute nsubmap for tsubmap = tstable and varea = v
max
area . We want to
enforce the integer character of nsubmap in a way which decreases the product tsubmap varea. To do
this, we use
nsubmap = 1 + int(nsubmap). (38)
Eq. 38 ensures that tsubmap varea < tstable v
max
area . The value of varea must be decreased so that Eq. 37
is enforced.
Step #2: Computation of ttel or σ We use the following equations in descending order to compute
the elapsed telescope time and in ascending order to compute the rms noise level:
1. tbeamsig =
T 2sys
η2spec σ
2 dν npol
, (39)
2. tonoff = tbeamsig
(√
nsubmap +
√
nbeam
)2
, (40)
3. ηtel ttel = tonoff . (41)
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Step #3: Computation of derived quantities
1. non/off =
nbeam
nsubmap
, (42)
2. ncover =
tbeamsig
tsubmap
(
non/off +
√
non/off
)
, (43)
3. tbeamon =
ncover tsubmap
non/off
(44)
3. tbeamoff = t
beam
on
√
non/off . (45)
Step #4: Is ncover an integer number? The interpretation of the above equation to compute ncover
has two cases.
1. ncover < 1. This means that either the user tries to cover a too large sky area in the given
telescope elasped time (sensitivity estimation) or the telescope need a minimum time to cover
Amap at the maximum velocity possible with the telescope and this minimum time implies a
more sensitive observation than requested by the user (time estimation).
2. ncover ≥ 1. ncover will generally not be an integer, we can think to decrease tsubmap from tstable
to obtain an integer value. However, this must be done at constant Asubmap(= varea tsubmap).
Decreasing tsubmap thus implies increasing varea. It is not clear that this is possible because of
the constraint varea < v
max
area . Another way to deal with this is to keep tsubmap to its maximum
value and to adjust ttel (sensitivity estimation) or tsig and thus σ (time estimation) to obtain an
integer value of ncover. However, this implies a change in the wishes of the user. The program
can not make such a decision alone and we will only warn the user. Indeed, the worst case is
when ncover is changing from 1 to 2 because this can decrease the sensitivity by a factor 1.4
(sensitivity estimation) or double the elapsed telescope time (time estimation). The larger the
value of ncover the less harm it is to enforce the integer character of ncover.
3.4 Comparison
Contrary to tracked observations, the position switched observing mode can be more efficient than the
frequency switched observing mode. Indeed, in frequency switch, the same time is spent in the on and off
spectrum. When subtracting them, the off brings as much noise as the on. In position switch, the same
off can be shared between many ons, in which case the optimal integration time on the off is much larger
than on each independent on spectrum. Hence, the noise brought by the off spectrum can be much smaller
than the noise brought by the on spectrum.
For frequency switched observations,
σfsw =
√
2nbeam Tsys
ηspec
√
dν npol ηtel ttel
, (46)
while for position switched observations,
σpsw =
(√
nbeam +
√
nsubmap
)
Tsys
ηspec
√
dν npol ηtel ttel
. (47)
We thus have
σpsw
σfsw
=
1√
2
(
1 +
√
nsubmap
nbeam
)
. (48)
Position switched OTF is more efficient than frequency switched OTF for
nbeam
nsubmap
= non/off ≥ 1
3− 2√2 ∼ 6. (49)
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Moreover, σpsw/σfsw ' 0.84 for non/off = 30, and ' 0.78 for non/off = 100. Using eqs. 28 and 26, we see
that the limit on the maximum number of on per off is set by
non/off =
tstable
Abeam/vmaxarea
, (50)
i.e. the ratio of the maximum system stability time by the minimum time required to map a telescope
beam.
As for tracked observations, there are other considerations to be taken into account. For extra-galactic
observations, the lines are large which excludes the use of frequency switched observations. For Galactic
observations, the intrinsic sensitivity of the receivers may make it difficult to find a closeby position devoid
of signal. We can still use the position switched OTF observing mode. But we then have to observe
the off position in frequency switched track observing mode long enough to be able to add back the off
astronomical signal.
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A Numerical values
This appendix groups all the numerical values used in the time/sensitivity estimator. We made conservative
choices for two reasons: 1) time/sensitivity estimators tend to be too optimistics and 2) EMIR is a new
generation of receivers which had not yet been tested at the telescope.
A.1 Overheads
• ηtel = 0.5.
• After estimating the number of tunings needed to complete the project, the user has to add to the
telescope time 30 minutes per tuning (this includes the observation of a line calibrator).
A.2 Atmosphere
• Tatm = 250 K.
• The opacities at signal frequencies are computed with a recent version of the ATM program (main-
tained by J.R. Pardo).
• They are computed for 3 different amount of water vapor per season (1, 2 and 4 mm for the winter
season and 2, 4 and 7 mm for the summer season).
A.3 Telescope
• Tcab = 290 K.
• Feff = 0.95 at 3 mm, 0.93 at 2 mm, 0.91 at 1 mm and 0.88 at 0.8 mm.
A.4 Frontends
Warning: Please do not quote these values in your papers. You should refer to the publications which
fully describe the receivers.
• The receiver temperature is the sum of
– The mixer temperature: Typically 50 K below 260 GHz and 70 K above;
– The mirror losses: Typically 10 K;
– The dichroic losses: Typically 15 K. Nota Bene: Dichroics enable dual frequency observation
by frequency separation of the sky signal.
We end up with Trec = 75 K below 260 GHz and Trec = 95 K above 260 GHz.
• Gim = 0.1.
A.5 Backends
• ηspec = 0.87 because of the 2 bit quantization at the input of the correlators.
• The noise equivalent bandwidth of our correlators is almost equal to the channel spacing. So we do
not take this into account in our estimation.
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A.6 On-The-Fly
• tstable = 2 minutes.
• θ = 2460′′νGHz .
• The maximum linear velocity is limited by the maximum dumping rate of fdump = 2 Hz. We know
that in order to avoid beam elongation along the scanning direction, we need to sample at least 4
points per beam in the scanning direction. We thus end up with
vmaxlinear = fdump
θ
4
arcsec/s (51)
and
vmaxarea = fdump
θ
2.5
θ
4
arcsec2/s or vmaxarea = fdump
θ2
10
arcsec2/s (52)
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B Optimal number of ON per OFF measurements
This section is just a reformulation of the original demonstration by Ball (1976).
Let’s assume that we are measuring non/off independent on-positions for a single off. The same inte-
gration time (ton) is spent on each on-position and the off integration time is
toff = α ton, (53)
where α can be varied. Using eq. 2 and tonoff = non/offton + toff = (non/off + α) ton, it can be shown than
tonoff =
T 2sys
η2spec σ
2 dν
(
1 + non/off + α+
non/off
α
)
. (54)
Differenciating with respect to α, we obtain
dtonoff
dα
∝ 1− non/off
α2
(55)
Setting the result to zero then gives that the minimum elapsed time to reach a given rms noise is obtained
for
α = √non/off or toptimaloff =
√
non/off ton. (56)
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Abstract
This memo describes the equations used in the IRAM-30m HERA time/sensitivity estimator avail-
able on the IRAM-30m web page. A large part of the memo aims at describing the peculiarities of
time/sensitivity estimation of the On-The-Fly observing mode with a multi-pixel like HERA. It ex-
plains how to generalize the equations of the single pixel case, so that the same code can be used in
both cases (single and multi-pixel).
1 Summary of the formulas for a single pixel receiver
We summarize here the relations between the rms noise (σ) and the elapsed telescope time (ttel) derived
by Pety et al. (2009) in the case of a single-pixel heterodyne receiver. The results depends on a combination
of
• The observation kind:
Tracked observations where the telescope track the source, i.e. it always observes the same
position in the source referential. The result is a single spectra.
On-The-Fly observations where the telescope continuously slew through the source with time to
map it. The result is a cube of spectra.
• and of the switching mode:
Position switch where the off-measurement is done on a close-by sky position devoid of signal.
Wobbler switching is a particular case.
Frequency switch where the telescope always points towards the the source and the switching is
done in the frequency (velocity) space. In this case,
The formulas are
• for tracked observations
σtrackpsw =
2Tsys
ηspec
√
dν npol ηtel ttel
, and σtrackfsw =
√
2Tsys
ηspec
√
dν npol ηtel ttel
. (1)
• for OTF observations
σotfpsw =
(√
nbeam +
√
nsubmap
)
Tsys
ηspec
√
dν npol ηtel ttel
, and σotffsw =
√
2nbeam Tsys
ηspec
√
dν npol ηtel ttel
. (2)
1IRAM-30m HERA time/sensitivity estimator 2. generalization to a multi-pixel receiver
In these formulas
• ηtel is the efficiency of the telescope. It includes the time needed 1) to do calibrations (e.g. pointing,
focus, temperature scale calibration), and 2) to slew the telescope between useful integrations, etc...
Its value is decided by IRAM: It should not be changed by the PI.
• ηspec is the spectrometer efficiency.
• dν is the frequency resolution.
• npol is the number of polarizations tuned at the same frequency (1 or 2).
• Tsys is the system temperature, which is a summary of the noise added by the system. It is usual to
approximate it (in the T ?a scale) with
Tsys =
(1 +Gim) exp {τsA}
Feff
[Feff Tatm (1− exp {−τsA}) + (1− Feff)Tcab + Trec] , (3)
where Gim is the receiver image gain, Feff the telescope forward efficiency, A = 1/ sin(elevation)
the airmass, τs the atmospheric opacity in the signal band, Tatm the mean physical atmospheric
temperature, Tcab the ambient temperature in the receiver cabine and Trec the noise equivalent
temperature of the receiver and the optics.
• nbeam is the number of independent measurement in the map observed in the OTF mode. It is given
by
nbeam =
Amap
Abeam
with Abeam =
ηgrid pi θ
2
4 ln(2)
. (4)
where Amap is the map area, Abeam is the area of the resolution element in the map, ηgrid is the
smoothing factor due to gridding and θ is the telescope full width at half maximum.
• nsubmap the number of submaps needed to cover the whole map area, a submap being the area
covered between two successive off measurements. nsubmap is computed with
nsubmap =
Amap
Asubmap
with Asubmap =
θ
2.5
vlinear tstable (5)
where vlinear is the telescope scanning speed and tstable is the typical timescale of stability of the
observing system.
The demonstrations and additional subtleties for the OTF case are fully described in Pety et al. (2009).
2 Generalization to a multi-pixel receiver
2.1 Description of HERA, the IRAM-30m multi-pixels
HERA is a multi-pixel receiver working at 1 mm of wavelength. Each pixel is an heterodyne mixer using
a SIS junction. There are nine pixels per polarization. The pixels of one polarization follow a 3× 3 square
pattern, the distance between two pixels being ∆ = 24′′. Both polarizations are aligned. Hence, HERA
has 18 pixels in total looking at 9 different sky position simultaneously. The polarizations of HERA can
simultaneously be tuned at two different frequencies.
The number of used polarization, npol can thus be set to 1 or 2 and the number of pixels per polarization
is npix = 9.
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2.2 An average pixel
The scatter of the mixer performances, which translate into a scatter of receiver temperatures, is the first
thing to deal with. Instead of computing the sensitivity associated with each mixer, we introduce an
average pixel, which will represent all the other ones. In Eqs. 1 and 2, the caracteristics of the mixers
are hidden into the system temparature, Tsys. We will thus define an average system temperature, T sys,
which will represent the receiver average pixel.
Among the different ways to define such an average system temperature, we priviledge the one which
will give the right sensitivity in the case where the same point of the sky is seen by all the different
pixels. This choice is made because 1) the same point of the sky is at least seen by two pixels (one per
polarization) and 2) it is a good idea when mapping to try to cover the mapped area as many time as
possible with sligthly different observing configuration of HERA (e.g. rotations by 90deg) to homogenize
the noise distribution and to ensure that bad pixels see different part of the mapped area.
It is well-known that the optimal way to combine (e.g. to average or to grid) spectra is to weight them
by w = 1/σ2 before combination, where σ is their rms noise. In this case, it can be shown that the weight
of the combination is the linear sum of the weights. From this, it is easy to define T sys as
npol npix
T
2
sys
=
∑
i=1,npol, j=1,npix
1
T 2sysij
. (6)
2.3 Impact on tracked observations
During tracked observations, each pixel of one polarization will look at a different position of the sky, but
always the same position with time. We thus simply have to change Tsys by T sys in Eqs. 1, i.e.
σtrackpsw =
2T sys
ηspec
√
dν npol ηtel ttel
, and σtrackfsw =
√
2T sys
ηspec
√
dν npol ηtel ttel
. (7)
2.4 Imaging with HERA
HERA has a derotator, which ensures that the pixels do not rotate on the sky. The sky can thus be
mapped by scanning along e.g. the right ascension or the declination axis in equatorial coordinates. We
aim at obtaining a fully sampled map, implying a distance between the rows of ∆ = θ/2.5, where θ is the
beam full width at half maximum: At 1 mm, this corresponds typically to 4′′. However, the pixels are
typically separated by ∆ ' 2θ. We thus have to find the best scanning strategy which will fill the hole of
the instantaneous footprint of the multi-pixel. To do this, we will use a property of the deroratator, i.e.
it can be configured so that one of the main axes of the multi-pixel is rotated by an angle (α) from the
scanning direction. Indeed, we can ask what is the value of α needed so that the distance between the
rows of two adjacent pixels is exactly ∆. For a receiver of √npix × √npix pixels, we end up with √npix
groups of lines, the distance between two group of lines being noted δ′. A bit of geometry gives
δ = ∆ sinα and δ′ = ∆ cosα. (8)
If we now impose that
δ′ = nsubscan
√
npix δ, (9)
we obtain
tanα =
1
nsubscan
√
npix
. (10)
We can fully sample without redundancy a given fraction of the sky in a single subscan (nsubscan = 1) or
in two parallel subscans (zigzag, nsubscan = 2).
For HERA, √npix = 3 and the ∆ value is fixed to 4′′ by the observing wavelenght ∼ 1 mm. nsubscan = 1
gives α = 18.4◦, ∆ ∼ 12′′ and nsubscan = 2 gives α = 9.5◦, ∆ ∼ 24′′. Current optical design implies a
minimum distance between the pixels which is only compatible with the nsubscan = 2 solution.
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In summary, by setting an angle of 9.5◦ between one of the main axes of a 3× 3 multi-pixels and the
scanning direction, we can sweep in a fully sampled mode a given portion of the sky with two parallel
scans separated by 3δ = 12′′. The region of the sky fully sampled will then be rectangular: the length of
the rectangular side perpendicular to the scanning direction is then d⊥ = nsubscannpixδ, while the length of
the rectangular size parallel to the scanning direction, d‖, will depend on the observing strategy. However,
there is an edge effect, due to the rotation of the array from the scanning direction. Indeed, the edges of
the maps are not fully sampled: Thus must thus be considered as overheads. The area of the scanned sky
must thus be larger than the targeted area, which must be fully sampled. Let’s assume that the targeted
area (Atarget) is swept as a succession of n⊥ rectangles of size d⊥ × d‖. We get
Atarget = n⊥ d⊥ d‖. (11)
The area swept in the under-sampled edges (Aedge) is just the area of the rectangle whose side sizes are
n⊥ d⊥ and the scanning size of multi-pixel rotated by α, i.e.
dedge = (
√
npix − 1)∆ (cosα+ sinα) (12)
Indeed, the geometry of the edges show that half this area is covered on each size of the targeted area.
Using Eqs. 8 and 9, we obtain
dedge = (
√
npix − 1) (1 + nsubscan√npix)δ (13)
We now define the mapping efficiency ηedge as
ηedge =
Atarget
Atarget +Aedge
, with Aedge = n⊥ d⊥ dedge. (14)
Replacing Atarget and Aedge by their expressions 11 and 14, we derive
ηedge =
1
1 + dedged‖
=
1
1 + dedgean⊥ d⊥
. (15)
This expression indicates that the most efficient mapping strategy is to observe very wide scans. However,
avoiding the edge overheads is only one aspect of wide-field mapping with a multi-pixels. In particular, we
aim at having the most homogeneous map as possible. To achieve this, we need to scan as fast as possible
so that the observing conditions are as comparable as possible on the whole map. We can then repeat the
map as many time as possible so that the data affected by technical problems or bad weather happening
during one coverage can just be discarded. In any case, at least two coverages obtained in perpendicular
scanning direction is always advise to be able to use destriping algorithms (e.g. plait algorithms). Stripes
happen because the system stability (weather, telescope, receiver and backend) evolves from one row to
the other. Getting stripes is all the more probable than the time to scan a row is long. So this argues
against making very wide scans, which are at the same time required to decrease the relative time spent
in the edge overheads. A compromise is thus to map area chunks which are as close as possible to squares.
A way to parametrize this is to introduce the map aspect ratio, defined as
a =
d‖
n⊥ d⊥
with a > 1 and n⊥ integer. (16)
A given area Amap will be mapped in chunks whose area (Achunk) is defined by the linear scanning
speed and the time of stability of the system (tchunk). This gives
n⊥ d⊥ (d‖ + dedge) = Achunk with Achunk = vlinear d⊥ tchunk. (17)
Using 16 to replace d‖ by an⊥ d⊥, we yield
n2⊥ + n⊥
dedge
a d⊥
− Achunk
a d2⊥
= 0. (18)
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Table 1: Mapping strategy to minimize edge effects.
tchunk n⊥ a ηedge
min.
1 1 3.7 0.83
2 2 1.9 0.83
5 4 1.2 0.86
10 6 1.1 0.90
This equation of the 2nd order has only one physical solution
n⊥ =
1
2
dedge
a d⊥
[√
1 +
4aAchunk
d2edge
− 1
]
. (19)
We note that this yields
ηedge =
1
1 + 2√
1+
4aAchunk
d2
edge
−1
(20)
with
aAchunk
d2edge
=
θ
4δ
a fdumptchunk[(√
nsubscan npix − 1√
nsubscan npix
)
−
(√
nsubscan − 1√
nsubscan
)]2 . (21)
This expression can be used to understand how to get the highest mapping effiency (ηedge). This implies
to get the largest value of the (aAchunk)/d2edge ratio. We see that the larger the multi-pixel array, the
smaller this ratio. Increasing the chunk area, either by increasing the linear velocity (i.e. increasing the
dump rate, fdump) or by increasing the stability time (tchunk) will increase the efficiency. The dump rate
is fixed by the peak data rate, which gives typically fdump = 2 Hz. The stability time depends on the
switching mode: It is the time between two off measurements in position switch (typically 1 or 2 minutes)
and the time between two calibrations in frequency switch (typically 10 to 15 minutes).
Previous equations give the impression that the aspect ratio is a free parameter. This is not fully true
because, n⊥ must be an integer. The following algorithm ensures that we get an integer value for n⊥ with
the value of a > 1 and closest to 1. Starting with a = 1, Eq. 18 gives a value of n⊥. We enforce the integer
nature of n⊥ with
n⊥ = floor(n⊥), (22)
and we recompute the associated aspect ratio with
a =
Achunk
(n⊥ d⊥)2
− dedge
n⊥ d⊥
. (23)
Table 1 gives the resulting values of n⊥, a and ηedge as a function of the stability time (tchunk). We see
that edge efficiencies are quite high. However, it is easier to have square chunks when the stability time is
larger.
In summary, the time spent in edges is counted as overheads. It translates into a multiplicative
efficiency (ηedge) because we enforce a mapping pattern through rectangular chunks. Although it is not
intuitive (edge sizes are in general unrelated to area), this is not a big assumption because the use of a
square multi-pixel anyway enforces mapping in rectangular chunks. We now summarize the algorithm to
compute ηedge:
Step #1: Computation of input quantities
d⊥ = nsubscan npix δ, (24)
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dedge = (
√
npix − 1) (1 + nsubscan√npix)δ, (25)
tpswchunk = 2 minutes and t
fsw
chunk = 10 minutes. (26)
Achunk =
θ
4
fdump
d⊥
nsubscan
tchunk. (27)
Step #2: Computation of n⊥ and a
Case Atarget < ηminedgeAchunk with η
min
edge = 0.8
1. n⊥ = floor
[√
Atarget
d⊥
]
, (28)
2. if n⊥ = 0, then send an error message: “Area too small, use raster mapping.”, (29)
3. a =
Atarget
(n⊥ d⊥)2
. (30)
Case Atarget ≥ ηminedgeAchunk
1. n⊥ = floor
{
1
2
dedge
d⊥
[√
1 +
4Achunk
d2edge
− 1
]}
, (31)
2. if n⊥ = 0, then send an error message: “Area too small, use raster mapping.”, (32)
3. a =
Achunk
(n⊥ d⊥)2
− dedge
n⊥ d⊥
. (33)
Step #3: Computation of ηedge
ηedge =
1
1 + dedgean⊥ d⊥
. (34)
Step #4: Recomputation of Achunk and tchunk when Atarget < ηminedgeAchunk
1. Anewchunk =
Atarget
ηedge
, (35)
2. tnewchunk = tchunk
Anewchunk
Achunk
, (36)
3. Achunk = Anewchunk and tchunk = t
new
chunk. (37)
If tchunk < 1 minute, the targeted area is too small and the PI should use raster mapping instead of
OTF mapping.
2.5 Impact on OTF observations
For OTF observations, there are several effects to take into account.
1. We will use the average system temperature to take into account the different mixer performances.
2. Edges result in inhomogeneous noise, which depends on the exact observing setup. We here try to
estimate a single noise value for the whole map. The area swept in edges are thus considered as
overheads. If the total targeted area is Amap, the receiver will then have to map Amap + Aedge. As
discussed above, we can write the previous sum as a product of the targeted area times an efficiency
factor, i.e.
ηedge (Amap +Aedge) = Amap. (38)
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We thus have to remplace Amap by Amap/ηedge in Eqs 4 and 5 to compute nbeam and nsubmap. Now,
if edge area is considered overheads when estimating the sensitivity, the spectra acquired in the edges
will nevertheless be used to form the final image. We must thus ensure that enough time is observed
on the off position when estimating the sensitivity in the position switch mode. This comes naturally
if we consider the edge area as part of the submap between two off positions. This implies that the
change on the total mapped area, expressed above, is the only one needed in the equations to take
the edges into account.
3. A multi-pixel can cover npix times as fast the same area of the sky with the same sensitivity as a
single-pixel of similar T sys. Another way to look at this, is to assume that each identical (average)
pixel will cover an independent part of the sky during a given observing time (i.e. ηtel ttel). This
implies that the area seen by each pixel will be
Apixmap =
Amap/ηedge
npix
. (39)
This finally gives
σotfpsw =
(√
npixbeam +
√
npixsubmap
)
T sys
ηspec
√
dν npol ηtel ttel
, and σotffsw =
√
2npixbeam T sys
ηspec
√
dν npol ηtel ttel
, (40)
where npixbeam and n
pix
submap are computed with
npixbeam =
Amap
ηedge npixAbeam
and npixsubmap =
Amap
ηedge npixA
pix
submap
(41)
with Apixsubmap = v
pix
area tstable and v
pix
area = δ vlinear. (42)
The times spent on and off and in the edges per pixel are then
tpixonoff = ηedge ηtel ttel and t
pix
edge = (1− ηedge) ηtel ttel. (43)
The algorithm to derive the time/sensitivity estimation in the case of OTF can thus be applied with
the following modifications in the input parameters : tonoff , varea, nsubmap, nbeam must be replaced by
tpixonoff , v
pix
area, n
pix
submap, n
pix
beam.
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ABSTRACT
Context. After several generations of interferometers in radioastronomy, wide-field imaging at high angular resolution is today a
major goal for trying to match optical wide-field performances.
Aims. All the radio-interferometric, wide-field imaging methods currently belong to the mosaicking family. Based on a 30 years old,
original idea from Ekers & Rots, we aim at proposing an alternate formalism.
Methods. Starting from their ideal case, we successively evaluate the impact of the standard ingredients of interferometric imaging,
i.e. the sampling function, the visibility gridding, the data weighting, and the processing of the short spacings either from single-dish
antennas or from heterogeneous arrays. After a comparison with standard nonlinear mosaicking, we assess the compatibility of the
proposed processing with 1) a method of dealing with the eﬀect of celestial projection and 2) the elongation of the primary beam
along the scanning direction when using the on-the-fly observing mode.
Results. The dirty image resulting from the proposed scheme can be expressed as a convolution of the sky brightness distribution
with a set of wide-field dirty beams varying with the sky coordinates. The wide-field dirty beams are locally shift-invariant as they do
not depend strongly on position on the sky: their shapes vary on angular scales typically larger or equal to the primary beamwidth.
A comparison with standard nonlinear mosaicking shows that both processing schemes are not mathematically equivalent, though
they both recover the sky brightness. In particular, the weighting scheme is very diﬀerent in both methods. Moreover, the proposed
scheme naturally processes the short spacings from both single-dish antennas and heterogeneous arrays. Finally, the sky gridding of
the measured visibilities, required by the proposed scheme, may potentially save large amounts of hard-disk space and cpu processing
power over mosaicking when handling data sets acquired with the on-the-fly observing mode.
Conclusions. We propose to call this promising family of imaging methods wide-field synthesis because it explicitly synthesizes
visibilities at a much finer spatial frequency resolution than the one set by the diameter of the interferometer antennas.
Key words. methods: analytical – techniques: interferometric – methods: data analysis – techniques: image processing
1. Introduction
The instantaneous field of view of an interferometer is naturally
limited by the primary beam size of the individual antennas. For
the ALMA 12 m-antennas, this field of view is ∼9′′ at 690 GHz
and ∼27′′ at 230 GHz. The astrophysical sources in the (sub)-
millimeter domain are often much larger than this, but still struc-
tured on much smaller angular scales. Interferometric wide-field
techniques enable us to fully image these sources at high angu-
lar resolution. These techniques first require an observing mode
that in one way or another scans the sky on spatial scales larger
than the primary beam. The most common observing mode in
use today, known as stop-and-go mosaicking, consists in repeat-
edly observing sky positions typically separated by half the pri-
mary beam size. The improvement of the tracking behavior of
modern antennas now leads astronomers to consider on-the-fly
observations, with the antennas slewing continuously across the
sky. The improvements in correlator and receiver technologies
are also leading to techniques that could potentially sample the
antenna focal planes with multi-beam receivers instead of the
single-pixel receivers installed on current interferometers.
The ideal measurement equation of interferometric wide-
field imaging is
V
(
up, αs
)
=
∫
αp
B
(
αp − αs
)
I
(
αp
)
e−i2παpup dαp, (1)
where V is the visibility function of 1) up (the spatial frequency
with respect to the fixed phase center) and 2) αs (the scanned sky
angle), I is the sky brightness, and B the antenna power pattern
or primary beam of an antenna of the interferometer (Thompson
et al. 1986, Chap. 2). For simplicity, 1) we assume that the pri-
mary beam is independent of azimuth and elevation, and 2) we
use one-dimensional notation without loss of generality. We do
not deal with polarimetry (see e.g. Hamaker et al. 1996; Sault
et al. 1996a, 1999) because it adds another level of complexity
over our first goal here, i.e. wide-field considerations. Several
aspects make Eq. (1) peculiar with respect to the ideal measure-
ment equation for single-field observations. First, the visibility is
a function not only of the uv spatial frequency (up) but also of the
scanned sky coordinate (αs). Second, Eq. (1) is a mix between a
Fourier transform and a convolution equation. It can be regarded,
for example, as the Fourier transform along the αp dimension
of the function, B(αp − αs) I(αp), of the (αp, αs) variables. But
Eq. (1) can also be written as the convolution:
V
(
up, αs
)
=
∫
αp
B
(
αs − αp
)
I
(
αp, up
)
dαp, (2)
where
B
(
αs − αp
)
≡ B
(
αp − αs
)
(3)
and
I
(
αp, up
)
≡ I
(
αp
)
e−i2παpup . (4)
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For each up kept constant, V(up, αs) is the convolution of B
and I. Indeed, I(αp, up = 0) = I(αp), so we derive
V
(
up = 0, αs
)
=
∫
αp
B(αs − αp) I(αp) dαp, (5)
i.e., the convolution equation for single-dish observations.
Ekers & Rots (1979) were the first to show that the measure-
ment equation (Eq. (1)) enables us to recover spatial frequen-
cies of the sky brightness at a much finer uv resolution than the
uv resolution set by the diameter of the interferometer antennas.
Interestingly enough, the goal of Ekers & Rots (1979) was “just”
to find a way to produce the missing short spacings of a multi-
plying interferometer. However, Cornwell (1988) realized that
Ekers & Rots’ scheme has a much stronger impact, because it
explains why an interferometer is able to do wide-field imaging.
Cornwell (1988) also demonstrated that on-the-fly scanning is
not absolutely necessary to interferometric wide-field imaging.
Indeed, the large-scale information can be retrieved in mosaics
of single-field observations, provided that the sampling of the
single fields follows the sky-plane Nyquist sampling theorem.
As a result, all the information about the sky brightness
is coded in the visibility function. From a data-processing
viewpoint, all the current radio-interferometric wide-field imag-
ing methods (see, e.g., Gueth et al. 1995; Sault et al. 1996b;
Cornwell et al. 1993; Bhatnagar & Cornwell 2004; Bhatnagar
et al. 2008; Cotton & Uson 2008) belong to the mosaicking fam-
ily1 pioneered by Cornwell (1988). In this family, the processing
starts with Fourier transforming V(up, αs) along the up dimen-
sion (i.e. at constant αs) to produce a set of single-field dirty im-
ages before linearly combining them and forming a wide-field
dirty image. In this paper, we propose an alternate processing,
which starts with a Fourier transform of V(up, αs) along the αs
dimension (i.e. at constant up). We show how this explicitely
synthesizes the spatial frequencies needed to do wide-field imag-
ing, which are linearly combined to form a “wide-field uv plane”,
i.e., one uv-plane containing all the spatial frequency informa-
tion measured during the wide-field observation. Inverse Fourier
transform will produce a dirty image, which can then be decon-
volved using standard methods. The existence of two diﬀerent
ways to extract the wide-field information from the visibility
function raises several questions: are they equivalent? What are
their relative merits?
We thus aim at revisiting the mathematical foundations of
wide-field imaging and deconvolution. Sections 2 to 7 propose
the new algorithm, which we call wide-field synthesis: Sect. 2
first defines the notations and it then lays out the basic concepts
used throughout the paper. Section 3 states the steps needed to
go beyond the Ekers & Rots scheme and explores the conse-
quences of incomplete sampling of both the uv and sky planes.
Section 4 discusses the eﬀects of gridding by convolution and
regular resampling. Section 5 describes how to influence the
dirty beam shapes and thus the deconvolution. Section 6 states
how to introduce short spacings measured either from a single-
dish antenna or from heterogeneous interferometers. Section 7
compares the proposed wide-field synthesis algorithm with stan-
dard nonlinear mosaicking. Some detailed demonstrations are
factored out in Appendix A to enable an easier reading of the
main paper, while ensuring that interested readers can follow
the demonstrations. Appendices B and C then explain how the
wide-field synthesis algorithm can cope with non-ideal eﬀects:
Appendix B discusses how at least one standard way to cope
1 In the rest of this paper, stop-and-go mosaicking refer to the observ-
ing mode, while mosaicking alone refer to the imaging family.
with sky projection problems is compatible with the wide-field
synthesis algorithm. Appendix C explores the consequences of
using the on-the-fly observing mode. Finally, we assume good
familiarity with single-field imaging in various places. We refer
the reader to well-known references: e.g. Chap. 6 of Thompson
et al. (1986) and Sramek & Schwab (1989).
2. Notations and basic concepts
2.1. Notations
In this paper, we use the Bracewell (2000)’s notation to display
the relationship between a function I(α) and its direct Fourier
transform I(u), i.e.,
I (α) ⊃ I (u) , (6)
where (α, u) is the couple of Fourier conjugate variables. We
also use the following sign conventions for the direct and inverse
Fourier transforms
I (u) ≡
∫
α
I (α) e−i2παu dα (7)
and
I (α) ≡
∫
u
I (u) e+i2πuα du. (8)
As V is a function of two independent quantities (up and αs),
the Fourier transform may be applied independently on each di-
mension, while the other dimension stays constant. Several ad-
ditional conventions are used to express this. First, we introduce
a specific notation to state that either the first or the second di-
mension stays constant:
Vup (αs) ≡ V
(
up = const., αs
)
, (9)
and
Vαs
(
up
)
≡ V
(
up, αs = const.
)
. (10)
Second, we use a bottom/top line to derive the notation of the
Fourier transform along the first/second dimension from the no-
tation of the original function. Third, on the Fourier transform
sign (i.e. ⊃), we explicitly state the dimension along which the
Fourier transform is computed. For instance, if D is a function of
(αp, αs), then the Fourier transform of D along the first dimen-
sion is expressed as
D
(
αp, αs
) αp⊃
up
D
(
up, αs
)
, (11)
while the Fourier transform of D along the second dimension is
expressed as
D
(
αp, αs
) αs⊃
us
D
(
αp, us
)
. (12)
We also use a more compact notation when doing the Fourier
transform on both dimensions simultaneously, i.e.,
D
(
αp, αs
) (αp,αs)⊃
(up,us) D
(
up, us
)
. (13)
Finally, the convolution of two functions G and V is noted and
defined as
{G ? V}(u) ≡
∫
v
G(u − v) V(v) dv. (14)
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Table 1. Definition of the symbols used to expose the wide-field syn-
thesis formalism.
Symbol & Definition Plane(s)a
αs Scanned angle sky
us Scanned spatial frequency uv
αp Phased angle sky
up Phased spatial frequency uv
I Sky brightness sky
B Primary beam sky
V Visibility function uv & sky
S Sampling function uv & sky
Δ Set of single-field dirty beams sky & sky
D Set of wide-field dirty beams sky & sky
Ω Sky-plane weighting function sky & sky
W uv-plane weighting function (Ω ⊃ W) uv & uv
G Gridding function (=g γ) uv & sky
g uv-plane gridding function uv
γ Sky-plane gridding function sky
Idirty Wide-field dirty image sky
Notes. (a) Planes of definition of the associated symbols.
Table 2. Definition of the uv and sky scales relevant to wide-field inter-
ferometric imaging.
Symbol Definition
[λ, rad]a Conjugate uv and angular scale
dmax, θsyn Maximum baseline length & Synthesized beam
dprim, θprim Antenna diameter & Primary beamwidth
dalias, θalias Minimum image size for tolerable aliasing
dfield, θfield Targeted field of view
dimage, θimage Final image size
Notes. (a) The chosen units (radians for θ and wavelength for d) imply
that the conjugate scales are linked through θ = 1/d, instead of the usual
θ = λ/d.
For reference, Table 1 summarizes the definitions of the symbols
used most throughout the paper. With the one-dimensional no-
tation used throughout the paper, the number of planes quoted
directly gives the number of associated dimensions of the sym-
bols. Generalization to images would require a doubling of the
number of planes/dimensions. Table 2 defines the uv and angu-
lar scales that are relevant to wide-field interferometric imaging,
and Fig. 1 sketches the diﬀerent angular scales. Each angular
scale (θ) is related to a uv scale (d) through θ = 1/d, where θ
and d are measured in radians and in units of λ (the wavelength
of the observation). In the rest of the paper, we explicitely dis-
tinguish between θprim ≡ 1/dprim, the angular scale associated to
the diameter of the interferometer antennas, and θfwhm, the full
width at half maximum of the primary beam. The relation be-
tween θprim and θfwhm depends on the illumination of the receiver
feed by the antenna optics. In radio astronomy, we typically have
θfwhm ∼ 1.2 θprim (see e.g. Goldsmith 1998, Chap. 6). Finally, the
notion of anti-aliasing scale (θalias) is introduced and discussed
in Sect. 4.2.
2.2. Basic concepts
Figure 2 illustrates the principles underlying 1) the setup to get
interferometric wide-field observations and 2) our proposition to
process them. For simplicity, we display the minimum possible
Fig. 1. Visualization of the diﬀerent angular scales relevant to wide-
field interferometric imaging. The notion of anti-aliasing scale (θalias) is
introduced and discussed in Sect. 4.2.
complexity without loss of generality. The top row displays the
sky plane. The middle row represents the 4-dimensional mea-
surement space at diﬀerent stages of the processing. As it is dif-
ficult to display a 4-dimensional space on a sheet of paper, the
bottom row shows 2-dimensional cuts of the measurement space
at the same processing stages.
2.2.1. Observation setup and measurement space
Panel a) displays the sky region for which we aim for estimating
the sky brigthness, I(α). The field of view of an interferometer
observing in a given direction of the sky has a typical size set by
the primary beam shape. In our example, this is illustrated by any
of the circles whose diameter is θprim. As we aim at observing a
wider field of view, e.g. θfield, the interferometer needs to scan the
targeted sky field. We assume that we scan through stop-and-go
mosaicking, ending up with a 7-field mosaic.
After calibration, the output of the interferometer is a visi-
bility function, V(up, αs), whose relation to the sky brightness is
given by the measurement equation (Eq. (1)). Panel b.1) shows
the measurement space as a mosaic of single-field uv planes:
the uv plane coverage of each single-field observation is dis-
played as a blue sub-panel at the sky position where it has been
measured and which is featured by the red axes. We assume
1) that the interferometer has only 3 antennas and 2) that only
a single integration is observed per sky position. This implies
only 6 visibilities per single-field uv plane. In panel b.2), the uv
planes at constant αs are displayed as the blue vertical lines. The
measured spatial frequencies belong to the [−dmax,−dmin] and
[+dmin,+dmax] ranges, where dmin and dmax are respectively the
shortest and longest measured baseline length. dmin is related to
the minimum tolerable distance between two antennas to avoid
collision. Here, we chose dmin ∼ 1.5 dprim. The grey zone be-
tween −dmin, and +dmin displays the missing short spacings.
2.2.2. Processing by explicit synthesis of the wide-field
spatial frequencies
All the information about the sky brightness, I(α), is some-
how coded in the visibility function, V(up, αs). The high spatial
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Fig. 2. Illustration of the principles of wide-field synthesis, which enables us to image wide-field interferometric observations. The top row displays
the sky plane. The middle row displays the 4-dimensional visibility space and the bottom row shows 2-dimensional cuts of this space at diﬀerent
stages of the processing. In panels b) to d), the scanned dimensions (αs and us) are displayed in blue while the phased spatial scale dimensions (up)
are displayed in red and the spatial scale dimensions (u) of the final wide-field uv plane are displayed in black. The grey zones of panels b.2) and
c.2) show the regions of the visibility space without measurements (missing short-spacings). In detail, panel a) shows a possible scanning strategy
of the sky to measure the unknown brightness distribution at high angular resolution: for simplicity it is here just a 7-field mosaic. Panels b.1) and
b.2) sketch the space of measured visibilities: the uv plane at each of the 7 measured sky positions is displayed as a blue square box in panel b.1)
and a blue vertical line in panel b.2). For simplicity, only 6 visibilities are plotted in panel b.1). Panels c.1) and c.2) sketch the space of synthesized
visibilities after Fourier transform of the measured visibilities along the scanned coordinate (αs): at each measured spatial frequency up (displayed
on the blue axes) is associated one space of synthesized wide-field spatial frequencies displayed as one of the red squares in panel c.1) and the
red vertical lines in panel c.2). The wide-field spatial scales are synthesized 1) on a grid whose cell size is related to the total field of view of
the observation and 2) only inside circles whose radius is the primary diameter of the interferometer antennas. Panels d.1) and d.2) display the
final, wide-field uv plane. This plane is built by application of the shift-and-average operator along the black lines on panel c.2), lines that display
the region of constant u spatial frequency in the (up, us) space. Standard inverse Fourier transform and deconvolution methods then produce a
wide-field distribution of sky brightnesses as shown in panel e).
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frequencies (from dmin to dmax) are clearly coded along the up
dimension. The uncertainty relation between Fourier conju-
gate quantities also implies that the typical spatial frequency
resolution along the up dimension is only dprim because the field
of view of a single pointing has a typical size of θprim. However,
wide-field imaging implies measuring all the spatial frequencies
with a finer resolution, dfield = 1/θfield. The missing information
must then be hidden in the αs dimension.
In Sect. 3, we show that Fourier transforming the measured
visibilities along the αs dimension (i.e. at constant up) can syn-
thesize the missing spatial frequencies, because the αs dimen-
sion is sampled from −θfield/2 to +θfield/2, implying a typi-
cal spatial-frequency resolution of the us dimension equal to
dfield. Conversely, the αs dimension is probed by the primary
beams with a typical angular resolution of θprim, implying that
the us spatial frequencies will only be synthesized inside the
[−dprim,+dprim] range. Panels c.1) and c.2) illustrate the eﬀects
of the Fourier transform of V(up, us) along the αs dimension, in
4 and 2 dimensions, respectively. The red subpanels or vertical
lines display the us spatial frequencies around each constant up
spatial frequency.
In panels d.1) and d.2) (i.e. after the Fourier transform along
the αs dimension), V(up, us) contains all the measured infor-
mation about the sky brightness in a spatial frequency space.
However, the information is ordered in a strange and redun-
dant way. Indeed, we show that V(up, us) is linearly related to
I(up+ us). To first order, the information about a given spatial
frequency u is stored in all the values of V(up, us) which verifies
u = up + us (black lines on panel c.2).
A shift operation will reorder the spatial scale information
and averaging will compress the redundancy (illustrated by the
halving of the number of the space dimensions). The use of a
shift-and-average operator thus produces a final uv plane con-
taining all the spatial scale information to image a wide field
in an intuitive form. We thus call this space the wide-field uv
plane. Panels d.1) and d.2) display this space, where the min-
imum relevant spatial frequency is related to the total field of
view, while the maximum one is related to the interferometer
resolution.
Sections 3 and 4 show that applying the shift-and-average
operator to V produces the Fourier transform of a dirty image,
which is a local convolution of the sky brightness by a slowly
varying dirty beam. As a result, inverse Fourier transform of
〈
V
〉
and deconvolution methods will produce a wide-field distribu-
tion of sky brightness as shown in panel e) at the top right of
Fig. 2.
3. Beyond the Ekers & Rots scheme
In the real world, the visibility function is not only sampled, but
this sampling is incomplete for two main reasons. 1) The in-
strument has a finite spatial resolution, and the scanning of the
sky is limited, implying that the sampling in both planes has a
finite support. 2) The uv coverage and the sky-scanning cover-
age can have holes caused either by intrinsic limitations (e.g.
lack of short spacings or small number of baselines) or by acqui-
sition problems (implying data flagging). The incomplete sam-
pling makes the mathematics on the general case complex. We
thus start with the ideal case where we assume that the visibility
function is continuously sampled along the up and αs dimension.
We then look at the general case.
3.1. Ideal case: infinite, continuous sampling
Starting from the measurement Eq. (1), Ekers & Rots (1979) first
demonstrated (see Sect. A.1) that2
∀
(
up, us
)
, Vup (us) = B (−us) I
(
up + us
)
. (15)
For each constant up spatial frequency, the Fourier transform
thus synthesizes a function, Vup (us), which is simply related to
I(up+ us), the Fourier components of the sky brightness around
up. V(up, us) is only defined in the [−dprim,+dprim] interval along
the us dimension because B(−us) is itself only defined inside this
interval, since B(−us) is the autocorrelation of the antenna illu-
mination.
We search to derive a single estimate of the Fourier compo-
nents I(u) of the sky brightness. Equation (15) indicates that the
fraction V(up, us)/B(−us) gives us an estimate of I(u) for each
couple (up, us) that satisfies u = up + us. However, the informa-
tion about I is strangely ordered. There are two possible ways to
look at this ordering. 1) Starting from the measurement space,
the Ekers & Rots scheme synthesizes frequencies around each
up measure inside the interval [up − dprim, up + dprim] at the dfield
spatial frequency resolution. 2) Starting from our goal, we want
to estimate I at a given spatial frequency u with a dfield spatial
frequency resolution. We thus search for all the couples (up, us)
satisfying u = up+us, which are displayed in panel c.2) of Fig. 2
as the diagonal black lines. It immediately results that 1) there
are several estimates of I for each spatial frequency u and 2) the
number of estimates varies with u. We can average them to get a
better estimate of I(u).
This last viewpoint thus suggests averaging in the (up, us)
space along linepaths defined by u = up + us. Such an operator
can mathematically be defined as
〈F〉(u) ≡
∫∫
upus
δ
[
u − (up + us)
]
W
(
up, us
)
F
(
up, us
)
dupdus, (16)
where F is the function to be averaged and W is a normalized
weighting function. Using the properties of the Dirac function,
we can reduce the double integral to
〈F〉(u) =
∫
up
W
(
up, u − up
)
F
(
up, u − up
)
dup. (17)
In this equation, we easily recognize a shift-and-average oper-
ator. The normalized weighting function plays a critical role in
the following formalism, and we propose clever ways to define
W in Sect. 5. In the ideal case studied here, W can be defined as
W(up, us) ≡ 1/(2
√
2 dprim) for us in [−dprim,+dprim],
W(up, us) ≡ 0 for other values of us.
In other words, we have just normalized the integral by the con-
stant length (2√2 dprim) of the averaging linepath.
2 The convolution theorem, which states that the Fourier transform of
the convolution of two functions is the product of the Fourier trans-
form of both individual functions, is a special case for Eq. (15): it can
be recovered by setting up = 0. Indeed, as already mentioned in the
introduction, the ideal measurement Eq. (1) can be interpreted as a con-
volution with an additional phase term. By Fourier transforming along
the αs dimension, the convolution translates into a product of Fourier
transforms B and I, while the phase term translates into a shift of coor-
dinates: up + us.
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3.1.1. Wide-field dirty image, dirty beam and image-plane
measurement equation
Section 3.2 shows that the incomplete sky and uv sam-
pling forbid us to apply the shift-and-average operator to the
V(up, us)/B(−us) function. To guide us in this general case, we
thus explore the consequences of applying this operator to V
in the ideal case. It is easy to demonstrate that the result is the
Fourier transform of a dirty image, i.e.,
Idirty(u) =
〈
V
〉
(u). (18)
Indeed, substituting 〈V〉(u) with the help of Eqs. (17) and (15)
and taking the inverse Fourier transform, we get
Idirty(u) = D(u) I(u), (19)
with
D(u) ≡
∫
up
W
(
up, u − up
)
B
(
up − u
)
dup. (20)
Here, Idirty conforms to the usual idea of dirty image, i.e., the
convolution of a dirty beam by the sky brightness:
Idirty(α) = {D ? I}(α) . (21)
In contrast to the usual situation for single-field observations, the
mix between a Fourier transform and a convolution of Eq. (1),
associated with the specific processing3 changes the image-plane
measurement equation from a convolution of a dirty beam with
the product B I to a convolution of a dirty beam with I. The de-
pendency on the primary beam is still there. It is just transferred
from a product of the sky brightness distribution into the defini-
tion of the dirty beam.
3.1.2. Summary and interpretation
In summary, a theoretical implementation of wide-field synthesis
implies
1. the possibility of Fourier transforming the visibility function
along the αs dimension (i.e. at constant up), which gives us a
set of synthesized uv planes;
2. the possibility of shifting-and-averaging these synthesized uv
planes to build the final, wide-field uv plane containing all
the available information.
Using those tools, we are able to write the wide-field image-
plane measurement equation as a convolution of a wide-field
dirty beam (D) by the sky brightness (I), i.e.,
Idirty(α) =
∫
α′
D
(
α − α′) I (α′) dα′. (22)
We can write a convolution equation in this ideal case because
the wide-field response of the instrument is shift-invariant; i.e.,
D only depends on diﬀerences of the sky coordinates.
It is well-known that for a single-field observation, the dirty
beam is the inverse Fourier transform of the sampling function.
The shape of this sampling function is due to the combination
of aperture synthesis (the interferometer antennas give a limited
3 I.e. direct Fourier transform along the αs dimension, shift-and-
average to define a final wide-field uv plane, and inverse Fourier trans-
form.
number of independent baselines) and Earth-rotation synthesis
(the rotation of the Earth changes the projection of the physical
baselines onto the plane perpendicular to the instantaneous line
of sight). By analyzing via a Fourier transform, the evolution of
the visibility function with the sky position, the Ekers & Rots
scheme synthesizes visibilities at spatial frequencies needed to
image a larger field of view than the interferometer primary
beam. We thus propose to call this specific processing: wide-field
synthesis.
3.2. General case: incomplete sampling
Reality imposes limitations on the synthesis of spatial frequen-
cies. Indeed, we have already stated that the visibility function is
incompletely sampled both in the uv and sky planes. To take the
sampling eﬀects into account, we introduce the sampling func-
tion S (up, αs), which is a sum of Dirac functions at measured
positions4. The sampling function cannot be factored into the
product of two functions, each only acting on one plane. Indeed,
the Earth rotation happening during the source scanning implies
a coupling of both dimensions of the sampling function. In other
words, the uv coverage will vary with the scanned sky coordi-
nate. This leads us to a shift-dependent situation, precluding us
from writing the wide-field image-plane measurement equation
as a true convolution. We nevertheless search for a wide-field
image-plane measurement equation as close as possible to a con-
volution because all the inversion methods devised in the past
three decades in radioastronomy are tuned to deconvolve im-
ages. The simplest mathematical way to generalize Eq. (22) to a
shift-dependent situation is to write it as
Idirty(α) =
∫
α′
D
(
α − α′, α) I (α′) dα′. (23)
In this section, we show how the linear character of the imag-
ing process allows us to do this. Section 3.2.1 derives the im-
pact of incomplete sampling on the Ekers & Rots equation, and
Sect. 3.2.2 derives the wide-field measurement equation in the
uv plane. Section 3.2.3 interprets these results.
3.2.1. Effect on the Ekers & Rots equation
The sampled visibility function, S V , is defined as the product of
S and V and S V its Fourier transform along αs, i.e.,
S V
(
up, αs
)
≡ S
(
up, αs
)
V
(
up, αs
)
, (24)
and
S V
(
up, αs
) αs⊃
us
S V
(
up, us
)
. (25)
Because S Vup is the product of two functions of αs, we can use
the convolution theorem to show that S Vup is the convolution of
S up by Vup , i.e.,
S Vup (us) =
∫
u′s
S up (us − u′s) Vup (u′s) du′s. (26)
By replacing Vup with the help of the Ekers & Rots relation
(Eq. (15)), we derive
S Vup (us) =
∫
u′s
S up
(
us − u′s
)
B
(−u′s) I (up + u′s) du′s. (27)
4 Loosely speaking, the sampling function can be thought as a function
whose value is 1 where there is a measure and 0 elsewhere.
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As B is bounded inside the [−dprim,+dprim] interval, S Vup (us) is
a local average, weighted by S up (us − u′s) B(−u′s), of I(up+u′s)
around the up spatial frequency.
As expected, we recover Eq. (15) for the ideal case (i.e., infi-
nite, continuous visibility function) because then S up (us − u′s) =
δ(us−u′s). A more interesting case arises when the visibility func-
tion is continuously sampled over a limited sky field of view, i.e.,
∀up, S
(
up, αs
)
= 1 if |αs| ≤ θfield/2, (28)
∀up, S
(
up, αs
)
= 0 if |αs| > θfield/2. (29)
After Fourier transform this gives
∀up, S
(
up, us
)
=
1
dfield
sinc
(
us
dfield
)
· (30)
In this case, the local average of the sky brightness Fourier com-
ponents happens on a typical uv scale equal to dfield. However,
the sinc function is known to decay only slowly. Some observ-
ing strategy (e.g. quickly observing outside the edges of the tar-
geted field of view to provide a bandguard) could be considered
to apodize the sky-plane dependence of the sampling function,
resulting in faster decaying S functions, hence in less mixing of
the wide-field spatial frequencies.
3.2.2. uv-plane wide-field measurement equation
Because we aim at estimating the Fourier component of I, we
introduce the following change of variables u′ ≡ up + u′s and
du′ = du′s, to derive
S Vup (us) =
∫
u′
S up
(
up + us − u′
)
B
(
up − u′
)
I
(
u′
) du′. (31)
We then shift-and-average S V(up, us) to build the Fourier trans-
form of a wide-field dirty image
Idirty (u) ≡
〈
S V
〉
(u) , with u = up + us. (32)
Substituting the shift-and-average operator by its definition and
using Eq. (31) to replace S Vup (us), we derive
Idirty (u) =∫∫
upu′
W
(
up, u−up
)
S
(
up, u−u′
)
B
(
up−u′
)
I
(
u′
) dupdu′. (33)
This uv-plane wide-field measurement equation can be written as
Idirty (u) =
∫
u′
D
(
u′, u − u′) I (u′) du′, (34)
if we enforce the following equality
D
(
u′, u−u′) ≡
∫
up
W
(
up, u−up
)
S
(
up, u−u′
)
B
(
up−u′
)
dup. (35)
This is one way to define D, which is convenient though unusual.
It is implicit in this definition that we need to make a change of
variable (u′′ = u − u′) to derive
D
(
u′, u′′
) ≡
∫
up
W
(
up, u
′+u′′−up
)
S
(
up, u
′′) B(up−u′) dup. (36)
In the following, we use either one or the other definition of D,
depending on convenience.
3.2.3. Interpretation
Appendix A.2 demonstrates that the image and uv-plane wide-
field measurement equations (Eqs. (23) and (34)) are equiva-
lent if
D
(
αp, αs
) (αp,αs)⊃
(up,us) D
(
up, us
)
. (37)
The image-plane wide-field measurement equation (Eq. (23))
can be written as
Idirty (α) = {Dα ? I}(α) . (38)
Its interpretation is straightforward: the sky brightness distribu-
tion is convolved with a dirty beam, D(α′, α′′), which varies with
the sky coordinate α′′. This raises the question of the rate of
change of the dirty beam with the sky coordinate. This question
is addressed in Sects. 4.2 and 5.
4. Gridding by convolution and regular resampling
We want to Fourier transform the raw visibilities along the sky
dimension (αs) at some constant value in the up dimension. The
raw data, however, is sampled on an irregular grid in both the uv
and sky planes. We need to grid the measured visibilities in both
the uv and the sky planes before Fourier transformation for dif-
ferent reasons. First, the gridding in the uv plane will handle the
variation in the spatial frequency as the sky is scanned, i.e., the
diﬃculty and perhaps the impossibility of Fourier-transforming
at a completely constant up value. Second, the gridding along
the sky dimension allows the use of Fast Fourier Transforms. As
usual, we grid through convolution and regular resampling.
4.1. Convolution
4.1.1. Definitions
We first define a gridding kernel that depends on both dimen-
sions, G(u, αs). This gridding kernel can be chosen as the prod-
uct of two functions, simplifying the following demonstrations:
G
(
up, αs
)
≡ g
(
up
)
γ (αs) . (39)
We then define the sampled visibility function gridded in both
the uv and sky planes as
S VG
(
up, αs
)
≡ {G ? S V}
(
up, αs
)
(40)
=
∫∫
u′pα′s
g
(
up − u′p
)
γ
(
αs − α′s
)
S V
(
u′p, α
′
s
)
du′pdα′s. (41)
Finally, when assessing the impact of the gridding on the mea-
surement Eq. (34), a new function,
Σ
(
up, αs, α
′′
s
)
≡ S
(
up, αs
)
B
(
α′′s − αs
)
, (42)
and its Fourier transforms naturally appear in the equations.
Defining the following Fourier transform relationships
Σ
(
up, αs, α
′′
s
) αs⊃
us
Σ
(
up, us, α
′′
s
)
, (43)
and
Σ
(
up, us, α
′′
s
) α′′s⊃
u′′s
Σ
(
up, us, u
′′
s
)
, (44)
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we easily derive
Σ
(
up, αs, u
′′
s
)
= S
(
up, αs
)
B
(
u′′s
)
e−i2πu
′′
s αs , (45)
and
Σ
(
up, us, u
′′
s
)
= S
(
up, us + u
′′
s
)
B
(
u′′s
)
. (46)
Using these notations, we have before gridding,
S V
(
up, αs
)
=
∫
αp
Σ
(
up, αs, αp
)
I
(
αp
)
e−i2παpup dαp, (47)
and
D
(
u′, u−u′) =
∫
up
W
(
up, u−up
)
Σ
(
up, u−up, up−u′
)
dup. (48)
4.1.2. Conservation of the wide-field measurement equation
Appendix A.3 demonstrates that the wide-field dirty image is
here again the convolution of the sky brightness I by a wide-
field dirty beam Dα or, in the Fourier plane,
I
G
dirty (u) ≡
〈
S VG
〉
(u) =
∫
u′
D
G (
u′, u − u′) I (u′) du′ (49)
with
D
G (
u′, u−u′) ≡
∫
up
W
(
up, u − up
)
Σ
G (
up, u − up, u′
)
dup, (50)
where
Σ
G (
up, αs, u
′) ≡
∫∫
u′pα′s
g
(
up − u′p
)
γ
(
αs − α′s
)
Σ
(
u′p, α
′
s, u
′
p − u′
)
du′pdα′s. (51)
We thus have equations that resemble those containing the sam-
pling function alone, except for 1) the replacement of the gener-
alized sampling function Σ by its gridded version ΣG and 2) the
way the variables are linked together both in the gridding of Σ
(i.e., Eq. (51)) and in the averaging of ΣG (i.e., Eq. (50)).
4.2. Regular resampling
It is well known that too low a resampling rate in one space
implies power aliasing in the conjugate space (see e.g. Bracewell
2000; Press et al. 1992). Aliasing must be avoided as much as
possible because it folds power outside the imaged region back
into it. Table 3 defines the intervals of definition of the diﬀerent
functions we are dealing with (i.e., visibilities, primary beam,
dirty image, and dirty beam), as well as the associated sampling
rates needed to enforce Nyquist sampling. The boundary values
of the definition intervals (|u|max and |α|max) are related to the
sampling rates (∂α and ∂u, respectively) through
|u|max · ∂α = |α|max · ∂u = 1
nsamp
, (52)
where nsamp is an integer characterizing the sampling. Nyquist
sampling implies nsamp = 2. However, slight oversampling (e.g.
nsamp = 3) is often recommended because the measures suﬀer
from errors and the deconvolution is a nonlinear process. In this
section, we examine the properties of the diﬀerent functions to
define their associated sampling rates.
Table 3. Interval ranges of definition and associated sampling rates for
the used functions.
Functions Intervals Samplings
Visibilities
∣∣∣up∣∣∣ ≤ dmax ∂up = 2 dalias/nsamp∣∣∣αp∣∣∣ ≤ θalias/2 ∂αp = θsyn/nsamp
|us | ≤ dprim ∂us = 2 dimage/nsamp
|αs | ≤ θimage/2 ∂αs = θprim/nsamp
Primary beam
∣∣∣u′s∣∣∣ ≤ dprim ∂u′s = 2 dalias/nsamp∣∣∣α′s∣∣∣ ≤ θalias/2 ∂α′s = θprim/nsamp∣∣∣u′′s ∣∣∣ ≤ dprim ∂u′′s = 2 dalias/nsamp∣∣∣α′′s ∣∣∣ ≤ θalias/2 ∂α′′s = θprim/nsamp
Dirty image |u| ≤ dmax ∂u = 2 dimage/nsamp
|α| ≤ θimage/2 ∂α = θsyn/nsamp
Dirty beam |u′| ≤ dmax ∂u′ = 2 dimage/nsamp
|α′| ≤ θimage/2 ∂α′ = θsyn/nsamp
|u′′| ≤ dprim ∂u′′ = 2 dimage/nsamp
|α′′| ≤ θimage/2 ∂α′′ = θprim/nsamp
4.2.1. The αs sampling rate of the visibility function
When Fourier transforming the measurement Eq. (1) along the
αs axis, we derive the Ekers & Rots Eq. (15). This equation im-
plies that V(up, us) is bounded inside the [−dprim,+dprim] spa-
tial frequency interval along the us axis. As a result, the visi-
bility function needs to be regularly resampled at a rate of only
0.5/dprim to satisfy the Nyquist theorem. This was first pointed
out by Cornwell (1988). This sampling rate is equal to θprim/2 or
∼θfwhm/2.4. The “usual, wrong” habit of sampling at θfwhm/2 is
indeed undersampling with aliasing as a consequence. Mangum
et al. (2007) discuss the consequences of undersampling in-
depth in the framework of single-dish imaging.
4.2.2. The Up sampling rate of the visibility function
Now, the Fourier transform of the measurement Eq. (1) along the
up axis gives
V∼
(
αp, αs
)
= B
(
αp − αs
)
I
(
αp
)
, (53)
where
V∼
(
αp, αs
) αp⊃
up
V
(
up, αs
)
. (54)
We use the tilde sign under V to denote the inverse Fourier trans-
form of V along its first dimension. A well-known Fourier trans-
form property implies that B has infinite support because B is
bounded. The resampling rate along the up axis therefore de-
pends on the properties of the product of B(αp−αs) times I(αp) as
a function of αp. While no unique answer exists, three facts help
us to find the right sampling rate: 1) B falls oﬀ relatively quickly;
2) the result depends on the spatial distribution of the sky bright-
ness and in particular on the dynamic range in brightness needed
to accurately image it; 3) the measure of V∼ (αp, αs) has a limited
accuracy owing to thermal noise, phase noise, and other possi-
ble systematics (e.g. pointing errors). For simplicity, we quan-
tify the measurement accuracy by a single number, namely the
maximum instrumental fidelity measured in the image plane as
defined in Pety et al. (2001). There are two cases:
1. the maximum instrumental fidelity limits the dynamic range
in brightness. For instance, Pety et al. (2001) showed that the
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Table 4. Minimum sizes of the dirty beam images to get an image
fidelity or a dynamic range greater than a given value.
Minimum fidelity θalias/θfwhma
or dynamic range ( fb = 0)b ( fb = 0.0625) ( fb = 0.1)
102 2.2 2.2 2.2
103 3.5 3.7 6.6
104 8.4 13.4 13.7
105 19.8 >20.0 >20.0
Notes. (a) The image sizes are expressed in units of the primary beam
full width at half maxium. (b) The computation is done for 3 diﬀerent
ratios of the secondary-to-primary diameters (i.e. fb, the antenna block-
age factors). The values are derived from the modeling of the antenna
power patterns shown in Fig. 3.
fidelity of interferometric imaging at (sub)-millimeter wave-
lengths will be limited to a few hundred. In this case, V∼ (αp,
αs) aliasing can be tolerated when the amplitude of B is less
than a fraction of the inverse of the maximum instrumental
fidelity;
2. the maximum instrumental fidelity is much greater than the
image fidelity, as can be the case at centimeter wavelengths.
In this case, V∼ (αp, αs) aliasing can only be tolerated when
the amplitude of B is less than a fraction of the inverse of the
dynamic range of the image.
The criterion derived in each case gives a typical image size
(θalias), which can be converted into the desired up sampling rate.
To be more quantitative, Fig. 3 models the normalized antenna
power patterns of an antenna illuminated by a Gaussian beam
of 12.5 dB edge taper and with a given blockage factor (ratio of
the secondary-to-primary diameters). The top panel presents an
ideal case without secondary miror, while the middle and bot-
tom panels present simple models of the ALMA and PdBI an-
tennas. The largest angular sizes at which the power patterns are
less than a given value, P0, is a first-order estimate of θalias/2 to
get a fidelity or dynamic range higher than 1/P0. Table 4 gives
the values of θalias/θfwhm as a function of the searched fidelity
or dynamic range. This condition is suﬃcient but not necessary.
Indeed, the aliasing properties also depend on the brightness dis-
tribution of the source.
4.2.3. The u sampling rate of Idirty(u)
We have no garantee that the sky outside the targeted field of
view is devoid of signal, so the only way to ensure a given dy-
namic range inside the targeted field of view is to choose the
image size large enough so that the aliasing of potential outside
sources is negligible. This means that the dirty image size must
be equal to the field-of-view size plus the tolerable aliasing size
θimage = θfield + θalias. (55)
The conjugate uv distance and associated uv sampling then are
dimage =
dfield
1 + dfielddalias
and ∂u =
dimage
nsamp
· (56)
4.2.4. The u′ and u′′ sampling rates of D(u′,u′′)
The u′′ axis must thus be sampled at the same rate as the sec-
ond dimension of the definition space of S , i.e., as us. Moreover,
u′ has in this equation a behavior (u′ = up + u′′s ) similar to
Fig. 3. Simple models of the antenna power patterns as a function of
the sky angle in units of half the primary beam FWHM (θfwhm). In
the 3 cases shown, the illumination is Gaussian with an edge taper
of 12.5 dB but 3 diﬀerent ratios of the secondary-to-primary diam-
eters (i.e. fb, the antenna blockage factors) are considered (see e.g.
Goldsmith 1998, Chap. 6). The middle and bottom panels respectively
model ALMA and PdBI antennas. The red lines define the minimum
angular sizes for which the antenna power pattern is less than a given
fraction.
u (=up + us). It must thus have the same sampling behavior as u.
This sampling rate (∂u′ = dimage/nsamp) is quite high. Some de-
convolution methods (see below) allow us to relax this sampling
rate.
4.3. Absence of gridding “correction”
Imaging of single-field observations goes through the following
steps: 1) convolution by a gridding kernel; 2) regular resampling;
3) fast Fourier transform; and 4) gridding “correction”. The so-
called gridding “correction” is a division of the dirty beam and
dirty image by the Fourier transform of the gridding kernel used
in the initial convolution. This step is mandatory when imaging
single-field observations to keep the image-plane measurement
equation as a simple convolution equation (see e.g. Sramek &
Schwab 1989). When imaging wide-field observations, as pro-
posed here, the Fourier transform along the αs dimension, fol-
lowed by the shift-and-average operation, freeze the convolution
kernel into the dirty beam of the wide-field measurement equa-
tion. This is why the gridding “correction” step is irrelevant here.
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5. Dirty beams, weighting, and deconvolution
In radioastronomy, the dirty beam is the response of the interfer-
ometer to a point source. In the wide-field synthesis framework,
the response of the interferometer to a point source, D, a priori
depends on the source position on the sky. D(α′, α′′) can thus be
interpreted as a set of dirty beams, with each dirty beam referred
to by its fixed α′′ sky coordinate. These simple facts raise several
questions. What are the properties of the convolution kernel? Is
it possible to modify these properties? How do we deconvolve
the dirty image?
5.1. A set of wide-field dirty beams
With the wide-field synthesis framework proposed here,
Appendix A.6 shows that
D
(
α′, α′′
)
=∫∫
αpαs
B
(
α′′−α′−αs)Ω (α′−αp, α′′−αs)Δ (αp, αs) dαpdαs, (57)
where
Δ
(
αp, αs
) αp⊃
up
S
(
up, αs
)
, (58)
and
Ω
(
α′, α′′
) (α′ ,α′′)⊃
(u′ ,u′′) W
(
u′, u′′
)
. (59)
Δ(αp, αs) is the single-field dirty beam, associated with the uv
sampling at the sky coordinate αs. And Ω(α′, α′′) will be called
the image plane weighting function, while W(u′, u′′) is the uv
plane weighting function. The set of wide-field dirty beams D is
then the double convolution of the image plane weighting func-
tion and the single-field dirty beams, apodized by the primary
beam at the current sky position αs.
While the shape of the single-field dirty beam is directly
given by the Fourier transform of the sampling function, the
shape of the wide-field dirty beam depends, directly or through
Fourier transforms, on the sampling function (S ), the primary
beam shape (B), and the weighting function (W). Moreover,
the wide-field dirty beam shape a priori varies slowly with the
sky position, since it is basically constant over the primary
beamwidth as stated in Sect. 4.2. It nevertheless varies, imply-
ing, for instance, a “slow” variation of the synthesized resolution
over the whole field of view.
While the single-field and wide-field dirty beam expressions
seem very diﬀerent, they share the same property of expressing
the way the interferometer is used to synthesize a telescope of
larger diameter in the image plane. In other words, the sampling
function for single-field imaging and D for wide-field imaging
express the sensitivity of the interferometer to a given spatial
frequency. These uv space functions are called the transfer func-
tions of the interferometer (Thompson et al. 1986, Chap. 5).
Modifying the transfer function has a direct impact on the mea-
sured quantity. Once the interferometer is designed and the ob-
servations are done, the only way to change this transfer function
is data weighting.
An ideal set of wide-field dirty beams, D(α′, α′′), would have
the following properties. All the wide-field dirty beams should
be identical (i.e., independent of the α′′ sky coordinate) and
equal to a narrow Gaussian (its FWHM giving the image reso-
lution). This would give the product of a wide Gaussian of u′ by
a Dirac function of u′′, as the ideal wide-field transfer function,
D(u′, u′′).
5.2. Dirty beam shapes and weighting
When imaging single-field observations, giving a multiplicative
weight to each visibility sample is an easy way to modify the
shape of the dirty beam and thus the properties of the dirty
and deconvolved images. Natural weighting (which maximizes
signal-to-noise ratio), robust weighting (which maximizes res-
olution), and tapering (which enhances brightness sensitivity at
the cost of a lower resolution) are the most popular weighting
techniques (see e.g. Sramek & Schwab 1989).
In the case of wide-field synthesis, a multiplicative weight
can also be attributed to each visibility sample before any
processing. However, the weighting is also at the heart of the
wide-field synthesis because it is an essential part of the shift-
and-average operation. No constraint has been set on the weight-
ing function up to this point, which indicates that the weighting
function (W) gives us a degree of freedom in the imaging pro-
cess. We look in turn at both kinds of weighting. In both cases, an
obvious issue is the definition of the optimum weighting func-
tions. As in the case of single-field imaging, there is no single
answer to this question. It depends on the conditions of the ob-
servation and on the imaging goals.
5.2.1. Weighting the measured visibilities
Natural weighting consists of slightly changing the definition
of the sampling function. It is now set to a normalized natu-
ral weight where there is a measure and 0 elsewhere. The nat-
ural weight is usually defined as the inverse of the thermal noise
variance, computed from the radiometric equation, i.e., from the
system temperature, the frequency resolution, and the integra-
tion time. Using this weighting scheme before computing the
first Fourier transform along the αs sky dimension makes sense
because the observing conditions (and thus the noise) vary from
visibility to visibility.
We propose to generalize this weighting scheme to other
observing conditions than just the system noise. Indeed, criti-
cal limitations of interferometric wide-field imaging are point-
ing errors, tracking errors, atmospheric phase noise (in the
(sub)-millimeter domain), etc. While techniques exist for cop-
ing with these problems (e.g., water vapor radiometer, direction-
dependent gains: Bhatnagar et al. 2008), they are not perfect.
The usual way to deal with the remaining problems is to flag the
source data based on a priori knowledge of the problems, e.g.,
pointing measurement, tracking errors, rms phase noise on cali-
brators, etc. However, flagging involves the definition of thresh-
olds, while reality is never black and white. It can thus be asked
whether some weighting scheme could be devised to minimize
the eﬀect of pointing errors, tracking errors or phase noise on
the resulting image. We propose to modulate natural weighting
based on the a priori knowledge of the observing conditions.
5.2.2. Weighting the synthesized visibilities
Robust weighting or tapering the measured visibilities do not
make sense in wide-field synthesis because the dirty image is
made from the synthesized visibilities after the first Fourier
transform along the αs sky dimension. A weighting function W
then appears naturally as part of the shift-and-average operator.
Its optimum value depends on the properties of the measured
sampling function. Here are a few examples.
Infinite, continuous sampling. This is the ideal case studied in
Sect. 3.1. Knowing that the Ekers & Rots Eq. (15) links the
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quantity we want to estimate, i.e., I, to many noisy5 measure-
ments, V(up, us), via a product by B (assumed to be perfectly
defined), we can invoke a simple least-squares argument (see
e.g. Bevington & Robinson 2003) to demonstrate that the op-
timum weighting function is
W
(
up, u − up
)
=
w
(
up, u − up
)
B
(
up − u
)
∫
up
w
(
up, u − up
)
B
2 (
up − u
)
dup
, (60)
with w(up, us) the weight computed from the inverse of the
noise variance of V(up, us). Using Eq. (20), it is then easy
to demonstrate that D(u) = 1, and then Idirty(α) = I(α). The
dirty image is a direct estimate of the sky brightness; i.e.,
deconvolution is superfluous.
Complete sampling. The signal is Nyquist-sampled, but it has a
finite support in both the uv and sky planes, implying a fi-
nite synthesized resolution and a finite field of view. In con-
trast to the previous case, this one may have practical appli-
cations, e.g., observations done with ALMA in its compact
configuration. Indeed, the large number of independent base-
lines coupled to the design of the ALMA compact configura-
tion ensure a complete, almost Gaussian, sampling for each
snapshot. In this case, the best choice may be to choose the
weighting function so that all the dirty beams are identical to
the same Gaussian function. In this case, the deconvolution
would also be superfluous.
Incomplete sampling. This is the more general case studied in
Sect. 3.2. The signal not only has a finite support but it also
is undersampled (at least in the uv plane). The deconvolution
is mandatory. The choice of the weighting function thus will
depend on imaging goals.
If the user needs the best signal-to-noise ratio, some kind
of natural weighting will be needed. It is tempting to use
Eq. (60) as a natural weighting scheme. However, the main
condition for derivation of this weighting function, i.e., the
Ekers & Rots Eq. (15), is not valid anymore, as the noisy
measured quantity (S V) is now linked to the quantity we
want to estimate (I) by a local average (see Eq. (31)). This
is why it was more appropriate to try to get a Gaussian dirty
beam shape in the complete sampling case.
If the signal-to-noise ratio is high enough, the user has two
choices. Either he/she wants to maximize angular resolution
power and needs some kind of robust weighting, or he/she
wants to get the more homogeneous dirty beam shape over
the whole field of view. This requirement cannot always be
fully met. The Ekers & Rots scheme enables us to recover
unmeasured spatial frequencies only in regions near to mea-
sured ones, because B has a finite support.
5.3. Deconvolution
Writing the image-plane measurement equation in a
convolution-like way is very interesting because all the
deconvolution methods developed in the past 30 years are
optimized to treat deconvolution problems (see e.g. Högbom
1974; Clark 1980; Schwab 1984; Narayan & Nityananda 1986).
For instance, it should be possible to deconvolve Eq. (23) with
just slight modifications to the standard CLEAN algorithms.
Indeed, Eq. (23) can be interpreted as the convolution of the
5 The noise is assumed to have a Gaussian probability distribution
function.
sky brightness by a set of dirty beams, so that the only change,
once a CLEAN component is found, would be the need to find
the right dirty beam in this set in order to remove the CLEAN
component from the residual image.
Following Clark (1980) and Schwab (1984), most algorithms
today deconvolve in alternate minor and major cycles. During a
minor cycle, a solution of the deconvolution is sought with a sim-
plified (hence approximate) dirty beam. During a major cycle,
the current solution is subtracted either from the original dirty
image using the exact dirty beam or from the measured visibili-
ties, implying a new gridding step. In both cases, the major cy-
cles result in greater accuracy. The iteration of minor and major
cycles enables one to find an accurate solution with better com-
puting eﬃciency. In our case, the approximate dirty beams used
in the minor cycle could be 1) dirty beams of a much smaller size
than the image; or 2) a reduced set of dirty beams (i.e., guessing
that the typical variation sizescale of the dirty beams with the
sky coordinate is much larger than the primary beamwidth); or
3) both simultaneously. The model would be subtracted from the
original visibilities before re-imaging at each major cycle. The
trade-oﬀ is between the memory space needed to store a full set
of accurate dirty beams and the time needed to image the data at
each major step. Some quantitative analysis is needed to know
how far the dirty beams can be approximated in the minor cycle.
It is worth noting that the accuracy of the deconvolved im-
age will be aﬀected by edge eﬀects. Indeed, the dirty brightness
at the edges of the observed field of view is attenuated by the pri-
mary beam shape. When deconvolving these edges, the decon-
volved brightness will be less precise, because the primary beam
has a low amplitude there. This only aﬀects the edges, because
inside the field of view, every sky position should be observed a
fraction of the time with a primary beam amplitude between 0.5
and 1. This edge eﬀect is nevertheless expected to be much less
troublesome than the inhomogeneous noise level resulting from
standard mosaicking imaging (see Sect. 7.1).
6. Short spacings
6.1. The missing flux problem
Radio interferometers are bandpass instruments; i.e., they filter
out not only the spacings longer than the largest baseline length
but also the spacings shorter than the shortest baseline length,
which is typically comparable to the diameter of the interferom-
eter antennas. In particular, radio interferometers do not measure
the visibility at the center of the uv plane (the so-called “zero
spacing”), which is the total flux of the source in the measured
field of view.
The lack of short baselines or short spacings has strong ef-
fects as soon as the size of the source is more than about 1/3 to
1/2 of the interferometer primary beam. Indeed, when the size
of the source is small compared to the primary beam of the in-
terferometer, the deconvolution algorithms use, in one way or
another, the information of the flux at the lowest measured spa-
tial frequencies for extrapolating the total flux of the source. The
extreme case is a point source at the phase center for which the
amplitude of all the visibilities is constant and equal to the to-
tal flux of the source: extrapolation is then exact. However, the
larger the size of the source, the worse the extrapolation, which
then underestimates the total source flux. This is the well-known
problem of the missing flux that observers sometimes note when
comparing a source flux measured by a mm interferometer with
the flux observed with a single-dish antenna.
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Fig. 4. Length of the averaging linepaths displayed as black lines in
panel c.2) of Fig. 2, as a function of the spatial scale in the final, wide-
field uv plane. In the case of a continuous sampling of up between dmin
and dmax, these quantities can be interpreted as the number of measures
that contribute to the estimate of I(u).
Wide-field synthesis does not recover the full short spac-
ings. Let us assume that the visibility function is continuously
sampled from dmin to dmax, with dmin ∼ 1.5 dprim. The length of
the averaging linepath6), L(u), can be interpreted as the number
of measures that contribute to the estimation of I(u). Figure 4
shows the variations of L(u) function when starting from a visi-
bility function continuously defined in the [dmin, dmax] interval
along the up dimension. We can expect to recover I(u) only
inside the [dmin − dprim, dmax + dprim] interval. In particular, in-
formation on short spacings lower than dmin − dprim (e.g. the
crucial zero spacing) cannot be recovered when using a home-
geneous interferometer, and the short spacings in the interval
[dmin − dprim, dmin] are recovered with increasing accuracy from
dmin − dprim to dmin. Both eﬀects imply the need for comple-
mentary instruments to accurately measure the missing short-
spacings.
6.2. Usual hardware and software solutions
To derive the correct result for larger source sizes, it is nec-
essary to complement the interferometer data with additional
data, which contain the missing short-spacing information. The
IRAM-30 m single-dish telescope is used to complement the
Plateau de Bure Interferometer. Short-spacing information can
also be in part recovered with a secondary array of smaller an-
tennas and shorter baselines (e.g. the CARMA interferometer).
In the ALMA project, the short-spacing information will be de-
rived by a combination of four 12 m-single-dish antennas and
an interferometer of 12 antennas of 7 m called ACA (Atacama
Compact Array).
From the software point-of-view, two main families of al-
gorithms exist in the standard processing of mosaics. Either the
short-spacing information is combined on the deconvolved im-
age (i.e., the interferometer data is imaged and deconvolved sep-
arately) through a hybridization in the Fourier plane (see e.g.
Pety et al. 2001), or the long and short-spacing information
is imaged and/or deconvolved jointly. In this category, we find
the pseudo-visibility technique, which produces interferometric-
like visibilities from single-dish maps (see e.g. Pety et al. 2001;
Rodríguez-Fernández et al. 2008, and references therein), and
the multi-resolution deconvolution algorithms, which work on
images containing diﬀerent spatial frequency ranges.
In the next two sections, we show how wide-field synthe-
sis naturally processes the short-spacing information either from
single-dish or from heterogeneous arrays.
6 The notion of averaging linepath has been introduced in Sect. 3.1
(see in particular Eq. (16)).
6.3. Processing short spacings from single-dish
measurements
The single-dish measurement equation can be written as
Isd(α) = S sd(α)
∫
α′
Bsd
(
α′ − α) I (α′) dα′, (61)
where Isd is the measured single-dish intensity, S sd the single-
dish sampling function, and Bsd the single-dish antenna power
pattern. As already stated in the introduction, the above integral
is identical to the ideal measurement equation of interferometric
wide-field imaging taken in up = 0. If we define a single-dish
visibility function as
Vsd
(
up = 0, α
)
≡
∫
α′
Bsd
(
α′ − α) I (α′) dα′, (62)
we can thus write the measured single-dish intensity as
Isd (α) = S sd (α) Vsd
(
up = 0, α
)
. (63)
The recognition that the single-dish measurement equation is
a particular case of the interferometric wide-field measurement
equation opens the way to treating both the single-dish and inter-
ferometric data sets through exactly the same processing steps.
We just have to define a hybrid sampling function, S hyb, as
S hyb
(
up , 0, α
)
= S
(
up, α
)
(64)
S hyb
(
up = 0, α
)
= S sd (α) , (65)
the Fourier transform of the hybrid primary beam, Bhyb, as
Bhyb
(
up , 0, u′
)
= B
(
up − u′
)
(66)
Bhyb
(
up = 0, u′
)
= Bsd
(−u′) , (67)
and a hybrid weighting function, Whyb, as
Whyb
(
up , 0, u′ + u′′ − up
)
= Whyb
(
up, u
′ + u′′ − up
)
, (68)
Whyb
(
up = 0, u′ + u′′
)
= Wsd
(
u′ + u′′
)
. (69)
All the processing steps described in the previous sections (in-
cluding a potential gridding step of single-dish, on-the-fly data)
can then be directly applied to the hybrid data set. Using the
wide-field synthesis formalism, we can easily write
Ihyb (u) =
∫
u′
Dhyb
(
u′, u − u′) I (u′) du′, (70)
with
Ihyb (u) = Idirty (u) +Wsd (u) Isd (u) (71)
and
Dhyb
(
u′, u′′
)
= D
(
u′, u′′
)
+Wsd
(
u′+u′′
)
S sd
(
u′′
)
Bsd
(−u′) . (72)
We thus see that Ihyb is a linear combination of the informa-
tion measured by the single-dish (Isd) and by the interferome-
ter (Idirty). There, Wsd(u) plays a particular role for two reasons.
First, its dependency on the spatial frequency (u) enables us to
filter out the highest spatial frequencies that are measured by the
single-dish antenna with low accuracy. Second, it is well-known
that the relative weight of the single-dish to interferometric data
is a critical parameter in the processing of the short spacings
from single-dish data (see e.g. Rodríguez-Fernández et al. 2008).
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Table 5. Definition of the symbols used to expose the processing of the
short spacings.
Symbol & Definition Plane(s)
Isd Measured single-dish intensity sky
Bsd Single-dish antenna power pattern sky
S sd Single-dish sampling function sky
Vsd Single-dish visibility function sky
Wsd Single-dish uv-plane weighting function uv
bi Voltage pattern of antenna i sky
Bi j Power pattern of antenna i and j (=bi b?j ) sky
Vi j Visibility between antenna i and j uv & sky
Ihyb Hybrid dirty image sky
Bhyb Hybrid antenna power pattern sky
S hyb Hybrid sampling function uv & sky
Whyb Hybrid uv-plane weighting function uv & uv
Dhyb Set of hybrid dirty beams sky & sky
Notes. This table uses similar conventions as Table 1. The top part de-
fines symbols related to single-dish measurements. The middle part de-
fines symbols related to heterogeneous-array measurements. The bot-
tom part defines hybrid symbols, which results from combinations of
single-dish and heterogeneous-array measurements.
This relative weight is a free parameter within the restrictions
set by the noise level (i.e., we want the single-dish data to bring
information and not just noise to the interferometric data), and
a criterion must therefore be defined to adjust it to an optimal
value. We refer the reader to the discussion of Sect. 5, which
also applies here.
6.4. Processing short spacings from heterogeneous arrays
A heterogeneous array is an interferometer composed with an-
tennas of diﬀerent diameters. ALMA and CARMA are two such
examples. The measurement equation for a heterogeneous ar-
ray is
Vi j
(
up, αs
)
=
∫
αp
bi
(
αp−αs
)
b?j
(
αp−αs
)
I
(
αp
)
e−i2παpup dαp, (73)
where bi and b j are the voltage reception patterns of the antenna
pair that forms the i j baseline and the asterisk denotes the com-
plex conjugate (Thompson et al. 1986, Chap. 3). The formalism
developed in the previous sections holds as long as we redefine
Bi j (α) ≡ bi (α) b?j (α) . (74)
A simple application of the correlation theorem implies that
Bi j (u) =
∫
u′
bi
(
u + u′
) b j (u′) du′. (75)
The use of the baseline indices i j must be generalized throughout
the equations because the knowledge of the antenna type must be
attached to each individual data point (visibility). As a result, the
wide-field synthesis formalism can be easily adapted to hetero-
geneous arrays at the price of additional bookkeeping.
6.5. Two textbook cases: IRAM-30 m + PdBI and ALMA +
ACA
Figure 5 sketches why wide-field synthesis naturally handles
the short spacings in two textbook cases. In the ideal case, the
Fourier transform along the αs dimension produces visibilities,
which are related to the wide-field spatial frequencies of the
Fig. 5. Sketches of the natural weighting of the synthesized wide-field
visibilities. Each measured spatial frequency will produce wide-field
spatial frequencies apodized by the transfer function (B) centered on the
measured spatial frequency. The used transfer function depends on the
telescopes used, explaining why wide-synthesis naturally handles the
short spacing either from a single-dish antenna or from a heterogeneous
array. The synthesized visibilities in the overlapping regions will then
be averaged. Two textbook examples are illustrated: 1) the combination
of data from the IRAM-30 m single-dish (red transfer function) and
from the Plateau de Bure Interferometer (black transfer functions) at the
top; and 2) the combination of data from ALMA 12 m-antennas used ei-
ther in single-dish mode (red transfer function), in interferometric mode
(black transfer functions) and of data from the ACA 7 m-antennas (blue
transfer functions) at the bottom. The minimum uv distances measured
by each interferometer were set from the minimum possible distance
between antennas (24 m for PdBI, 15 m for ALMA and 9 m for ACA).
source brightness weighted by the transfer function of the in-
terferometer. In this sense, Fig. 5 displays the natural weighting
of the synthesized wide-field visibilities at the position of each
measured visibility. Handling visibilities from antenna of diﬀer-
ent sizes just implies that the natural weighting function of the
synthesized visibilities will have a diﬀerent shape.
The top panel of Fig. 5 displays how the IRAM-30 m single-
dish is used to complement the Plateau de Bure interferometer
visibilities. The bottom panel displays how ACA is used to pro-
duce the short spacing information for ALMA. The four 12 m-
antennas will provide the single-dish information, while the 12
additional 7 m-antennas will form with ALMA a heterogeneous
array. In the first design, ACA and ALMA form two independent
interferometers; i.e., they are not cross-correlated. The single-
dish antennas, ACA and ALMA, thus appear as three diﬀerent
instruments. It is thus possible to decompose the hybrid set of
wide-field dirty beams obtained by processing the 3 sets of data
together in 3 diﬀerent sets of dirty beams
Dhyb
(
u′, u′′
)
= D12 m
(
u′, u′′
)
+ D7 m
(
u′, u′′
)
+ Dsd
(
u′, u′′
)
, (76)
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with
Dhyb
(
u′, u′′
) ≡∫
up
Whyb
(
up, u
′+u′′−up
)
S hyb
(
up, u
′′) Bhyb (up, u′) dup. (77)
For a multiplying interferometer,
∀ ∣∣∣up∣∣∣ < dprim, S (up, αs) = 0 and S (up, us) = 0. (78)
This implies that Dsd contributes at up = 0 in the sum over up in
Eq. (77), D7 m contributes for 9 m < up <∼ 40 m and D12 m(u′,
u′′) contributes for 15 m < up < 150 m in the most compact
configuration of ALMA.
7. Comparison with standard nonlinear mosaicking
7.1. Mosaicking in a nutshell
Several excellent descriptions of the mosaicking imaging and de-
convolution algorithms can be found (see e.g. Cornwell 1988;
Cornwell et al. 1993; Sault et al. 1996b). Here, we summa-
rize the approach implemented in the gildas/mapping soft-
ware used to image and deconvolve the data from the Plateau
de Bure Interferometer. This approach is based on original ideas
by F. Viallefond in the early 90s (Gueth et al. 1995).
The basic ideas of nonlinear mosaicking are 1) imaging the
diﬀerent fields of the mosaic independently; 2) linearly adding
the single-field dirty images into a dirty mosaic; and 3) jointly
deconvolving the dirty mosaic.
7.1.1. Single-field imaging
For simplicity, we skip the gridding convolution in the following
equations because the gridding step does not change the nature
of the equations. Imaging the fields individually means that we
will work at constant αs. We first define the single-field dirty
image of the αs-field as
Isfd
(
αp, αs
) αp⊃
up
Isfd
(
up, αs
)
, (79)
where the Fourier transform of the single-field dirty image is
the product of the sampling function S (up, αs) and the visibility
function V(up, αs):
Isfd
(
up, αs
)
≡ S V
(
up, αs
)
. (80)
From the previous equations, it is easily demonstrated that
Isfd
(
αp, αs
)
=
∫
α′p
Δ
(
αp − α′p, αs
) [
B
(
α′p − αs
)
I
(
α′p
)]
dα′p, (81)
where the single-field dirty beam is defined as
Δ
(
αp, αs
) αp⊃
up
S
(
up, αs
)
. (82)
We can rewrite the previous equation as
Iαs
sfd
(
αp
)
= {Δαs ? (Bαs I)}
(
αp
)
, (83)
meaning that the single-field dirty images can be written as a
local convolution of Bαs I and Δαs , the single-field dirty beam
associated to the currently imaged field.
7.1.2. Mosaicking the dirty images
In gildas/mapping7, the single-field dirty images are formed
on the same grid (in particular the same pixel size and the same
image size covering about twice the mosaic field of view). These
single-field dirty images are then linearly averaged as
Imos
(
αp
)
≡
∫
αs
Ωmos
(
αp, αs
)
Isfd
(
αp, αs
)
dαs, (84)
where
Ωmos
(
αp, αs
)
≡
w (αs) B
(
αp − αs
)
∫
αs
w (αs) B2
(
αp − αs
)
dαs
(85)
and w(αs) is the sky plane weighting function, i.e.,
w (αs) =
∑
i
δ (αs − αi) 1
σ2i
· (86)
In the previous equation, the αi are the positions of each sky-
plane measurement, and σi is the rms noise associated with Iαisfd.
Cornwell et al. (1993) demonstrates that the noise in the mosaic
image naturally varies across the field as
Nmos
(
αp
)
=
1√∫
αs
w (αs) B2
(
αp − αs
)
dαs
· (87)
In particular, it rises sharply at the edges of the mosaic.
7.1.3. Joint deconvolution
Standard algorithms of single-field deconvolution must be
adapted to the mosaicking case because both the dirty beam
and the noise vary across the mosaic field of view. We describe
here the adaptations made in gildas/mapping of the simplest
CLEAN deconvolution method, described in Högbom (1974).
Adaptations of more evolved CLEAN deconvolution methods
are also implemented following the same basic rules.
1. We first initialize the residual and signal-to-noise maps from
the dirty and noise maps
R0
(
αp
)
= Imos
(
αp
)
(88)
and
SNR0
(
αp
)
=
Imos
(
αp
)
Nmos
(
αp
) · (89)
2. The kth CLEAN component is sought on the SNRk−1 map in-
stead of the Rk−1 map to ensure that noise peaks at the edges
of the mosaic are not confused with the true signal of the
same magnitude.
3. Using that the kth CLEAN component is a point source of
intensity Ik at position αk, the residual and signal-to-noise
maps are then upgraded as follows:
Rk
(
αp
)
= Rk−1
(
αp
)
−γIk
∫
αs
Ωmos
(
αp, αs
)
Δ
(
αp−αk, αs
)
B (αk−αs) dαs, (90)
7 See http://www.iram.fr/IRAMFR/GILDAS for more information
about the GILDAS software.
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and
SNRk
(
αp
)
=
Rk
(
αp
)
Nmos
(
αp
) · (91)
Here γ(∼0.2) is the usual loop gain that ensures convergence
of the CLEAN algorithms.
4. Steps 2 and 3 are iterated as long as the stopping criterion is
not met.
7.1.4. Wide-field measurement equation
To help the comparison between mosaicking and wide-field syn-
thesis, we now go one step further than is usually done in the
description of mosaicking; i.e., we write the image-plane mea-
surement equation as a wide-field measurement equation of the
same kind as Eq. (23). Substituting Eq. (81) into Eq. (84) and
reordering the terms after inverting the order of the sum over αs
and αp, one obtains
Imos
(
αp
)
=
∫
α′p
Dmos
(
αp − α′p, αp
)
I
(
α′p
)
dα′p, (92)
with
Dmos
(
α′, α′′
)
=∫
αs
B
(
α′′ − α′ − αs) Ωmos (α′′, αs) Δ (α′, αs) dαs. (93)
Taking the inverse Fourier transforms of Dmos, we get the mo-
saicking transfer function
Dmos
(
u′, u − u′) =∫∫
upus
Wmos
(
u−up, us−u′
)
S
(
up, up−us
)
B
(
up−u′
)
dupdus, (94)
with
Ωmos
(
α′, α′′
) (α′ ,α′′)⊃
(u′ ,u′′) Wmos
(
u′, u′′
)
. (95)
7.2. Comparison
While both mosaicking and wide-field synthesis produce image-
plane measurement equations of the same kind (see Eqs. (23)
and (92)), the comparison of the dirty beams (Eqs. (57) and (93))
and of the transfer functions (Eqs. (35) and (94)) immediately
shows the diﬀerent dependencies on the primary beams (B), the
single-field dirty beams (Δ), the image-plane weighting func-
tions (Ω), and their respective Fourier transforms (B, S and W).
This means that mosaicking is not mathematically equivalent
to wide-field synthesis, though both methods recover the sky
brightness. These diﬀerences come directly from the diﬀerences
in the processing. If we momentarily forget the gridding steps,
mosaicking starts with a Fourier transform along the up dimen-
sion of the visibility function, and most of the processing thus
happens in the sky plane, while wide-field synthesis starts with a
Fourier transform along the αs dimension, and most of the pro-
cessing thus happens in the uv plane.
Moreover, both methods are irreducible to each other. Wide-
field synthesis gives a more complex dirty beam formulation
in the image plane, which could give the impression that it is
a generalization of mosaicking. Indeed, the wide-field image-
plane weighting function can be chosen as the product of a Dirac
function of α′ times a function ω of α′′,
i.e., Ω
(
α′, α′′
)
= δ
(
α′
)
ω
(
α′′
)
. (96)
This implies a wide-field uv-plane weighting function indepen-
dent of u′; i.e., W(u′, u′′) = ω(u′′). This choice is a clear lim-
itation because it enables us to influence the transfer function
only locally (around each measured up spatial frequency), while
weighting is generally intended to globally influence the trans-
fer function (see Sect. 5). Eitherway, in this case, the wide-field
dirty beam can easily be simplified to
D
(
α′, α′′
)
=
∫
αs
B
(
α′′−α′−αs)ω (α′′−αs)Δ (α′, αs) dαs. (97)
While this simplified formulation of the wide-field dirty beam
is closer to the mosaicking formulation, they still diﬀer in a
major way: ω(α′′– αs) is a shift-invariant function contrary to
Ωmos(α′′, αs). This is the shift-dependent property of Ωmos(α′′,
αs), which implies the additional complexity (integral over us in
addition to the integral over up) of the mosaicking transfer func-
tion (Eq. (94)) over the wide-field one (Eq. (35)).
One main diﬀerence between the two processing methods is
that standard mosaicking prescribes a precise weighting func-
tion, while we argue that the wide-field weighting function
should be defined according to the context (see Sect. 5). Another
important diﬀerence is the treatment of the short spacings, which
are naturally processed in the wide-field synthesis methods, but
which needs a very specific treatment in mosaicking (see Sect. 6
and references therein). Finally, while mosaicking implies a
gridding only of up dimension of the measured visibilities, wide-
field synthesis naturally requires a gridding of both the up and αs
dimensions. As the Nyquist sampling along the αs dimension is
only 0.5/dprim, the gridding of the sky plane can result in a large
reduction of the data storage space and cpu processing cost when
processing on-the-fly and/or multi-beam observations.
8. Summary
Interferometric wide-field imaging implies scanning the sky in
one way or another (e.g. stop-and-go mosaicking, on-the-fly
scanning, sampling of the focal plane by multi-beams). This pro-
duces sampled visibilities S V , which depends both on the uv-
plane and sky coordinates (e.g., up and αs).
Based on a basic idea by Ekers & Rots (1979), we proposed a
new way to image the interferometric wide-field sampled visibil-
ities: S V(up, αs). After gridding the measured visibilities both in
the uv and sky planes, the gridded visibilities S VG are Fourier-
transformed along the αs sky dimension, yielding synthesized
visibilities S VG sampled on a uv grid whose cell size is related
to the total field of view; i.e., it is much finer than the diame-
ter of the interferometer antennas. We thus proposed calling this
processing scheme “wide-field synthesis”.
The Fourier transform is performed for each constant up
value. As many independent estimates of the uv plane are
produced as independent values of up measured. A shift-and-
average operator is then used to build a final, wide-field uv
plane, which translates into a wide-field dirty image after inverse
Fourier transform, i.e.,
I
G
dirty (u) ≡
∫
up
W
(
up, u − up
)
S VG
(
up, u − up
)
dup, (98)
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where W is a normalized weighting function. Using these tools,
we demonstrated that:
1. The dirty image (IGdirty) is a convolution of the sky bright-
ness distribution (I) with a set of wide-field dirty beams (DG)
varying with the sky coordinate α, i.e.,
IGdirty (α) =
∫
α′
DG
(
α − α′, α) I (α′) dα′. (99)
Compared to single-field imaging, the dependency on the
primary beam is transferred from a product of the sky bright-
ness distribution into the definition of the set of wide-field
dirty beams.
2. The set of gridded dirty beams (DG) can be computed from
the ungridded sampling function (S ), the transfer function
(B, the inverse Fourier transform of the primary beam),
and the gridding convolution kernel (see Eqs. (42), (50)
and (51)).
3. The dependence of the wide-field dirty beams on the sky
position is slowly-varying, with their shape varying on an
angular scale typically larger than or equal to the primary
beamwidth.
Adaptations of the existing deconvolution algorithms should be
straightforward.
A comparison with standard nonlinear mosaicking shows
that it is not mathematically equivalent to the wide-field syn-
thesis proposed here, though both methods do recover the sky
brightness. The main advantages of wide-field synthesis over
standard nonlinear mosaicking are
1. Weighting is at the heart of the wide-field synthesis because
it is an essential part of the shift-and-average operation.
Indeed, not only can a multiplicative weight be attributed
to each visibility sample before any processing, but the uv-
plane weighting function (W, see Eq. (98)) is also a degree
of freedom, which should be set according to the conditions
of the observation and the imaging goals, e.g. highest signal-
to-noise ratio, highest resolution, or most uniform resolution
over the field of view. The W weighting function thus en-
ables us to modify the wide-field response of the instrument.
On the other hand, mosaicking requires a precise weighting
function in the image plane, which freezes the wide-field re-
sponse of the interferometer.
2. Wide-field synthesis naturally processes the short spacings
from both single-dish antennas and heterogeneous arrays
along with the long spacings. Both of them can then be
jointly deconvolved.
3. The gridding of the sky plane dimension of the measured
visibilities, required by the wide-field synthesis, may po-
tentially save large amounts of hard-disk space and cpu
processing power relative to mosaicking when handling data
sets acquired with the on-the-fly observing mode. Wide-field
synthesis could thus be particularly well suited to process on-
the-fly observations.
The wide-field synthesis algorithm is compatible with the uvw-
unfaceting technique devised by Sault et al. (1996a) to deal
with the celestial projection eﬀect, known as non-coplanar base-
lines (see Appendix B). Finally, on-the-fly observations imply
an elongation of the primary beam along the scanning direction.
These eﬀects can be decreased by an increase in the primary
beam sampling rate. However, it may limit the dynamic range
of the image brightness if the primary beam sampling rate is too
coarse (see Appendix C).
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Appendix A: Demonstrations
A.1. Ekers & Rots scheme
Fourier-transforming the visibility function along the αs dimen-
sion at constant up, we derive with simple replacements
Vup (us) =
∫
αs
Vup (αs) e−i2παsus dαs (A.1)
=
∫∫
αsαp
B
(
αp − αs
)
I
(
αp
)
e−i2π(αpup+αsus) dαsdαp. (A.2)
We then use the following change of variables β ≡ αp − αs and
dβ = −dαs, to get
Vup (us) =
∫∫
αpβ
B (β) I
(
αp
)
e
−i2π
[
αp
(
up+us
)
−βus
]
dαpdβ (A.3)
=
[∫
β
B (β) e−i2πβ(−us) dβ
] ⎡⎢⎢⎢⎢⎣
∫
αp
I
(
αp
)
e−i2παp(up+us) dαp
⎤⎥⎥⎥⎥⎦ (A.4)
= B (−us) I
(
up + us
)
. (A.5)
A.2. Incomplete sampling
We here demonstrate that Eqs. (23) and (34) are equivalent. To
do this, we take the direct Fourier transform of Idirty(α)
Idirty (u) =
∫∫
αα′
D
(
α − α′, α) I (α′) e−i2παu dαdα′, (A.6)
and we replace I(α′) by its formulation as a function of its
Fourier transform
I
(
α′
)
=
∫
u′
I
(
u′
)
e+i2πu
′α′ du′. (A.7)
We thus derive
Idirty (u) =∫
u′
[∫∫
αα′
D
(
α − α′, α) e−i2π(αu−α′u′) dαdα′
]
I
(
u′
) du′. (A.8)
Using the following change of variables α′′ ≡ α−α′, α′ = α−α′′
and dα′′ = −dα′, the innermost integral can be written as∫∫
αα′
D
(
α − α′, α) e−i2π(αu−α′u′) dαdα′ =
∫
α
[∫
α′′
D
(
α′′, α
)
e−i2πα
′′u′ dα′′
]
e−i2πα(u−u
′) dα (A.9)
=
∫
α
D
(
u′, α
)
e−i2πα(u−u
′) dα (A.10)
= D
(
u′, u − u′) . (A.11)
In the last two steps, we have simply recognized two diﬀerent
steps of Fourier transforms of D. Finally,
Idirty (u) =
∫
u′
D
(
u′, u − u′) I (u′) du′. (A.12)
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A.3. Gridding
The gridding kernel can be defined as the product of two func-
tions, each one operating in its own dimension. We use this to
study separately the eﬀect of gridding in the uv and sky planes.
We then use the intermediate results to get the eﬀect of gridding
simultaneously in both planes.
A.4. Gridding in the uv plane
We define the sampled visibility function gridded in the uv
plane as
S Vg
(
up, αs
)
≡ {g ? S Vαs }
(
up
)
=
∫
u′p
g(up − u′p) S Vαs (u′p) du′p. (A.13)
Using that the gridding is here applied on the up dimension,
while the Fourier transform is applied on the αs dimension, it is
easy to show that the gridding and Fourier-transform operations
commute:
S Vgup (us) =∫∫
αsu
′
p
g
(
up − u′p
)
S
(
u′p, αs
)
V
(
u′p, αs
)
e−i2παsus dαsdu′p (A.14)
=
∫
u′p
g
(
up − u′p
)
S Vu′p (us) du′p. (A.15)
Defining the Fourier transform of the uv gridded dirty image, we
derive
I
g
dirty (u) ≡
〈
S Vg
〉
(u) (A.16)
=
∫∫
upu
′
p
W
(
up, u−up
)
g
(
up−u′p
)
S Vu′p
(
u−up
)
dupdu′p. (A.17)
Using Eq. (31) to replace S Vu′p (u− up), we can write the Fourier
transform of the uv gridded dirty image as
I
g
dirty (u) =
∫
u′
D
g (
u′, u − u′) I (u′) du′, (A.18)
with
D
g (
u′, u−u′) ≡
∫
up
W
(
up, u−up
)
Σ
g (
up, u−up, u′
)
dup (A.19)
and
Σ
g (
up, us, u
′) ≡∫
u′p
g
(
up − u′p
)
S
(
u′p, us − u′ + u′p
)
B
(
u′p − u′
)
du′p. (A.20)
Using
S
(
u′p, us − u′ + u′p
)
=[∫
αs
S u′p (αs) e−i2παsus dαs
]
e−i2π(u′p−u′)αs , (A.21)
and
Σ
g (
up, αs, u
′) αs⊃
us
Σ
g (
up, us, u
′) , (A.22)
we derive
Σ
g (
up, αs, u
′) =∫
u′p
g(up − u′p) S
(
u′p, αs
)
B
(
u′p − u′
)
e−i2π(u′p−u′)αs du′p, (A.23)
or
Σ
g (
up, αs, u
′) =
∫
u′p
g
(
up − u′p
)
Σ
(
u′p, αs, u
′
p − u′
)
du′p. (A.24)
Thus, Σg is the uv gridded version of the generalized sampling
function Σ.
A.4.1. Gridding in the sky plane
We define the sampled visibility function gridded in the sky
plane as
S Vγ
(
up, αs
)
≡
{
γ ? S Vup
}
(αs) (A.25)
=
∫
α′s
γ(αs − α′s) S Vup(α′s) dα′s. (A.26)
Applying the convolution theorem on the Fourier transform
along the αs dimension, we derive
S Vγup (us) = γ (us) S Vup (us) . (A.27)
Defining the Fourier transform of the sky-gridded dirty image,
we derive
I
γ
dirty (u) ≡
〈
S Vγ
〉
(u) (A.28)
=
∫
up
W
(
up, u−up
)
γ
(
u−up
)
S Vup
(
u−up
)
dup. (A.29)
Using Eq. (31) to replace S Vup (u− up), we can write the Fourier
transform of the sky-gridded dirty image as
I
γ
dirty (u) =
∫
u′
D
γ (
u′, u − u′) I (u′) du′ (A.30)
with
D
γ (
u′, u − u′) ≡∫
up
W
(
up, u − up
)
Σ
γ (
up, u − up, up − u′
)
dup (A.31)
and
Σ
γ (
up, us, u
′′
s
)
≡ γ (us) S
(
up, us + u
′′
s
)
B
(
u′′s
)
, (A.32)
or, with the definition of Σ (i.e., Eq. (45)),
Σ
γ (
up, us, u
′′
s
)
≡ γ (us) Σ
(
up, us, u
′′
s
)
. (A.33)
Using
Σ
γ (
up, αs, u
′′
s
) αs⊃
us
Σ
γ (
up, us, u
′′
s
)
, (A.34)
and the convolution theorem when taking the inverse Fourier
transform of Σγ, we derive
Σ
γ (
up, αs, u
′′
s
)
=
∫
α′s
γ
(
αs − α′s
)
Σ
(
up, α
′
s, u
′′
s
)
dα′s. (A.35)
Thus, Σγ is the sky gridded version of the generalized sampling
function Σ.
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A.5. Gridding in both planes
Starting from the definition of S VG (Eq. (41)), we Fourier-
transform it along the sky dimension at constant up. Using that
the gridding along the up dimension can be factored out of the
Fourier transform, we derive
S VGup (us) =
∫
u′p
g
(
up − u′p
)
S Vγu′p (us) du′p. (A.36)
Using Eq. (A.27), we now replace S Vγu′p (us) in the previous equa-
tion to get
S VGup (us) = γ (us)
∫
u′p
g
(
up − u′p
)
S Vu′p (us) du′p, (A.37)
or
S VGup (us) = γ (us) S V
g
up
(us) . (A.38)
From this relation, it is easy to deduce that
Σ
G (
up, us, u
′) = γ (us)Σg (up, us, u′) . (A.39)
Using the convolution theorem when taking the inverse Fourier
transform of Σ
G
along the us dimension and replacing Σ
g(up, α′s,
u′) with Eq. (A.24), we finally derive
Σ
G (
up, αs, u
′) ≡∫∫
u′pα′s
g
(
up − u′p
)
γ
(
αs − α′s
)
Σ
(
u′p, α
′
s, u
′
p − u′
)
du′pdα′s. (A.40)
A.6. Wide-field vs. single-field dirty beams
The notation (59) yields W(u′, u′′) = Ω(u′, u′′). Using this in
Eq. (35) gives
D
(
u′, u′′
)
=∫
up
Ω
(
up, u
′ + u′′ − up
)
S
(
up, u
′′) B (up − u′) dup. (A.41)
Taking the inverse Fourier transform along the u′′ axis of
Eq. (A.41) and reordering the integral to factor out the term
independent of u′′, we can write
D
(
u′, α′′
)
=
∫
up
B
(
up − u′
)
FT1(up, u′, α′′) dup, (A.42)
where
FT1(up, u′, α′′) ≡∫
u′′
Ω
(
up, u
′ + u′′ − up
)
S
(
up, u
′′) e+i2πu′′α′′ du′′. (A.43)
We now introduce the following definition
S
(
up, u
′′) ≡
∫
αs
S
(
up, αs
)
e−i2παsu
′′ dαs, (A.44)
to derive
FT1(up, u′, α′′) =∫
αs
S
(
up, αs
) [∫
u′′
Ω
(
up, u
′ + u′′ − up
)
e+i2πu
′′(α′′−αs) du′′
]
dαs.
Using the following change of variables v ≡ u′′ + u′ − up, u′′ =
v − u′ + up and dv = du′′ on the innermost integral, we get
FT1(up, u′, α′′) =∫
αs
S
(
up, αs
)
Ω
(
up, α
′′ − αs
)
e+i2π(up−u′)(α′′−αs) dαs.
Substituting this result into Eq. (A.42) and taking the inverse
Fourier transform along the u′ axis, we can write
D
(
α′, α′′
)
=∫∫
upαs
Ω
(
up, α
′′−αs
)
S
(
up, αs
)
FT2(up, αs, α′, α′′) dupdαs, (A.45)
where
FT2(up, αs, α′, α′′) ≡∫
u′
B(up − u′) e+i2πup(α′′−αs) e+i2πu′(α′−α′′+αs) du′.
Using the following change of variables v ≡ up − u′, u′ = up − v
and dv = du′, we get
FT2(up, αs, α′, α′′) = B (α′′ − α′ − αs) e+i2πupα′ . (A.46)
Substituting this result into Eq. (A.45) and re-ordering the terms,
we can write
D
(
α′, α′′
)
=
∫
αs
B
(
α′′ − α′ − αs) FT3(αs, α′, α′′) dαs, (A.47)
where
FT3(αs, α′, α′′) ≡
∫
up
Ω
(
up, α
′′ − αs
)
S
(
up, αs
)
e+i2πupα
′ dup.
A simple application of the convolution theorem gives
FT3(αs, α′, α′′) ≡
∫
αp
Ω
(
α′ − αp, α′′ − αs
)
Δ
(
αp, αs
)
dαp,
where
Δ
(
αp, αs
) αp⊃
up
S
(
up, αs
)
. (A.48)
Substituting this result into Eq. (A.47), we finally derive the de-
sired expression, i.e., Eq. (57).
Appendix B: From the celestial sphere
onto a single tangent plane
Equation (1) neglects projection eﬀects, known as non-coplanar
baselines. Any method which deals with interferometric wide-
field imaging must take this problem into account. After a short
introduction to the problem, we show how wide-field synthe-
sis is compatible with at least one method, namely the uvw-
unfaceting of Sault et al. (1996b). This method tries to build
a final wide-field uv plane from diﬀerent pieces, just as our
wide-field synthesis approach does. Another promising method
is the w-projection, based on original ideas of Frater & Docherty
(1980) and first successfully implemented by Cornwell et al.
(2008). We did not look yet at its compatibility with wide-field
synthesis.
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B.1. w-axis distortion
When projection eﬀects are taken into account, the measurement
equation reads
V
(
w, up, αs
)
=
∫
αp
B
(
αp − αs
) I (αp)√
1 − α2p
e
−i2π
[
αpup+w
(√
1−α2p−1
)]
dαp. (B.1)
In this equation, we continue to work in 1 dimension for the sky
cosine direction (αp), but we explicitly introduce the dependence
along the direction perpendicular to the sky plane. This depen-
dence appears in two ways, which is handled in very diﬀerent
ways. First, the factor
√
1 − α2p can be absorbed into a general-
ized sky brightness function
I
(
αp
)
≡
I
(
αp
)
√
1 − α2p
· (B.2)
After imaging and deconvolution, I(αp) can be easily restored
from the deconvolved I(αp) image. The second dependence ap-
pears as an additional phase, which is written as
P
(
αp, w
)
≡ e−i2πw
(√
1−α2p−1
)
. (B.3)
Thompson et al. (1986, Chap. 4) shows that this additional phase
can be neglected only if8
π
4
θ2field
θsyn
 1 or πλdmax
d2field
 1. (B.4)
The first form of the criterion indicates that the approximation
gets worse at high spatial dynamic range (i.e., θfield/θsyn  1)
while the second form indicates that the approximation gets
worse at long wavelengths.
B.2. uvw-unfaceting
For stop-and-go mosaicking, it is usual to delay-track at the cen-
ter of the primary beam for each pointing/field of the mosaic.
This phase center is also the natural center of projection of each
pointing/field. Stop-and-go mosaicking thus naturally paves the
celestial sphere with as many tangent planes as there are point-
ings/fields; i.e., this observing scheme is somehow enforcing a
uvw-faceting scheme. In the framework of on-the-fly observa-
tions with ALMA, D’Addario & Emerson (2000) indicate that
the phase center will be modified between each on-the-fly scan
while it will stay constant during each on-the-fly scan. This is a
compromise between loss of coherence and technical possibil-
ities of the phase-locked loop. Using this hypothesis, the max-
imum sky area covered by the on-the-fly scan must take into
account the maximum tolerable w-axis distortion.
The easiest way to deal with such data is to image each point-
ing/field around its phase center and then to reproject this image
onto the mosaic tangent plane as displayed in Fig. 5 of Sault
et al. (1996b). These authors point out that this scheme implies
a typical w-axis distortion  less than
 ≤ (1 − cos θalias) sin θcenter ∼ 12 θcenter θ
2
alias, (B.5)
8 In contrast to the convention used in this paper, the dmax and dfield unit
is meter instead of unit of λ in the second form of the criterion, in order
to explicitely show the dependence on the wavelength.
where θcenter is the angle from the pointing/field center and θalias
is the anti-aliasing scale defined in Sect. 4.2. In particular,  is
0 at the phase center of each pointing/field. In other words, this
scheme limits the magnitude of the w-axis distortion to its mag-
nitude on a size equal to the anti-aliasing scale (i.e., a few time
the primary beamwidth) instead of a size equal to the total mo-
saic field of view. This scheme thus solves the projection eﬀect
as long as the w-axis distortion is negligible at sizes smaller than
or equal to the anti-aliasing scale. A natural name for this pro-
cessing scheme is uvw-unfaceting because it is the combination
of a faceting observing mode (i.e., regular change of phase cen-
ter) and a linear transform of the uv coordinates to derive a single
sine projection for the whole field of view.
Sault et al. (1996b) also demonstrate that the reprojection
may be done much more easily and quickly in the uvw space be-
fore imaging the visibilities because it is then just a simple trans-
formation of the uv coordinates, followed by a multiplication
of the visibilities by a phase term. Finally, Sault et al. (1996b)
note that it is the linear character of this uv coordinate transform
which preserves the measurement Eq. (1). As the change of co-
ordinates happens before any other processing, it also conserves
all the equations derived in the previous sections to implement
the wide-field synthesis.
Appendix C: On-the-fly observing mode
and effective primary beam
Usual interferometric observing modes (including stop-and-go
mosaicking) implies that the interferometer antennas observe a
fixed point of the sky during the integration time. Conversely,
the on-the-fly observing mode implies that the antennas slew on
the sky during the integration time. This implies that the mea-
surement Eq. (1) must be written as (Holdaway & Foster 1994;
Rodríguez-Fernández et al. 2009):
V
(
uˆp, αˆs
)
=
1
δt
∫ t0+δt/2
t0−δt/2
⎡⎢⎢⎢⎢⎣
∫
αp
B
{
αp − αs(t)
}
I
(
αp
)
e−i2παpup(t) dαp
⎤⎥⎥⎥⎥⎦ dt, (C.1)
where δt is the integration time and uˆp and αˆs are the mean spa-
tial frequency and direction cosine, defined as
uˆp ≡ 1
δt
∫ t0+δt/2
t0−δt/2
up(t) dt and αˆs ≡ 1
δt
∫ t0+δt/2
t0−δt/2
αs(t) dt. (C.2)
In this section, we analyze the consequences of the antenna slew-
ing on the accuracy of the wide-field synthesis.
C.1. Time averaging
In all interferometric observing modes, it is usual to adjust the
integration time so that up(t) can be approximated as uˆp. To do
this, it is enough to ensure that up(t) always varies less than the uv
distance associated with tolerable aliasing (dalias, see Sect. 4.2)
during the integration time (δt)
δt  daliasdmaxωearth or
dt
1 s
 6900
θalias/θsyn
, (C.3)
where dmax is the maximum baseline length, ωearth is the an-
gular velocity of a spatial frequency due to the Earth rotation
(7.27×10−5 rad s−1), θalias and θsyn are respectively the minimum
field of view giving a tolerable aliasing and the synthesized beam
angular values.
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Table C.1. Definition of the symbols used to explore the influence of
on-the-fly scanning on the measurement equation.
Symbol & Definition
δt Integration time
αˆs Scanned angle averaged during δt
uˆp Spatial frequency averaged during δt
δαs Angular distance scanned during δt
vslew Slew angular velocity of the telescope
A Primary beam apodizing function
Beﬀ Eﬀective primary beam resulting
from OTF scanning: Beﬀ(α) = {B ? A}(α)
ωearth Angular velocity of a spatial frequency
due to Earth rotation
C.2. Effective primary beam
Assuming that condition (C.3) is ensured, we can write Eq. (C.1)
with the same form as Eq. (1) by the introduction of an eﬀective
primary beam (Beﬀ); i.e.,
V
(
uˆp, αˆs
)
=
∫
αp
Beﬀ
(
αp − αˆs
)
I
(
αp
)
e−i2παpuˆp dαp, (C.4)
where
Beﬀ
(
αp − αˆs
)
≡ 1
δt
∫ t0+δt/2
t0−δt/2
B
{
αp − αs(t)
}
dt. (C.5)
Using the following change of variables
β ≡ αs(t) − αˆs, dβ = dαs(t)dt dt or dt =
dβ
vslew (β) , (C.6)
we derive
Beﬀ
(
αp − αˆs
)
=
∫
β
B
{(
αp − αˆs
)
− β
}
A (β) dβ (C.7)
with
A (β) ≡ 1
vslew (β) δt Π
(
β
δαs
)
(C.8)
and
δαs ≡
∫ t0+δt/2
t0−δt/2
vslew(t) dt. (C.9)
In these equations, vslew(β) is the slew angular velocity of the
telescope as a function of the sky position, δαs is the angular
distance covered during δt, A is an apodizing function, and Π(β)
is the usual rectangle function, which reproduces the finite char-
acter of the time integration.
C.3. Interpretation
The form of the measurement equation is conserved when av-
eraging the visibility function over a finite integration time, as
long as the true primary beam is replaced by an eﬀective pri-
mary beam, which is the convolution of the true primary beam
by an apodizing function. To go further, it is important to re-
turn to the two dimensional case. Indeed, the convolution must
be done along the slewing direction, resulting in an eﬀective pri-
mary beam elongated in a particular direction.
In principle, the equations derived in Sect. 3 can be accom-
modated just by replacing the true primary beam by its eﬀective
Fig. C.1. Assessement of the relative error implied by the use of the
true primary beam instead of the eﬀective primary beam when analyz-
ing interferometric on-the-fly data sets. Left: inverse Fourier transform
of interferometer primary beam, B (i.e. the autocorrelation of the an-
tenna illumination). Right: relative error as a function of sampling rate
of the primary beam. The curves of diﬀerent colors show the results at
diﬀerent normalized uv distances (u/dprim) from the center of B.
associate. In practice, the probability to take into account the ef-
fective primary beam is low because its shape varies with time.
Indeed, it is often assumed that the sky is slewed along a straight
line at constant angular velocity. Even in this simplest case, it is
advisable to slew along at least two perpendicular directions to
average systematic errors, implying two diﬀerent eﬀective pri-
mary beams. However, practical reasons may/will lead to com-
plex scanning patterns: 1) the limitation of the acceleration when
trying to image a square region leads to spiral or Lissajous scan-
ning patterns; 2) the probable absence of derotators in future
multi-beam receivers (B. Lazareﬀ, private communication) im-
plies the need to take into account the Earth rotation in the scan-
ning patterns of the oﬀ-axis pixels.
C.4. Approximation accuracy
In the following, we thus ask what is the trade-oﬀ accuracy of us-
ing the true primary beam instead of the eﬀective primary beam.
The first point to mention is that using diﬀerent scanning pat-
terns somehow helps because the averaging process then makes
the bias less systematic. Following Holdaway & Foster (1994),
we quantify the accuracy lost in the Fourier plane. Indeed, the
Ekers & Rots scheme tries to estimate missing sky brightness
Fourier components from their measurements apodized by the
Fourier transform of the primary beam. In the Fourier space,
the above convolution just translates into a product. The Fourier
transform of the apodizing function thus degrades the sensitivity
of the measured visibility, V(up, αs), to spatial frequencies at the
edges of the interval [up − dprim, up + dprim]. To guide us in our
quantification of the accuracy lost, we now explore the simplest
case of linear scanning at constant velocity, where vslew(β) is con-
stant and δαs = vslew δt. The Fourier transform of the apodizing
function is then a sinc function:
A (u) = sinc (u δαs) . (C.10)
The relative error implied by the use of the true primary beam
instead of the eﬀective primary beam is then
Beﬀ (u) − B (u)
Beﬀ (u)
= 1 − 1
A (u)
= 1 − 1
sinc (u δαs) · (C.11)
Figure C.1 shows this relative error as a function of the number
of samples per primary beam FWHM in the image plane (i.e.,
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θfwhm/δαs) for diﬀerent uv distances (in units of dprim). We see
that we derive a 1% accuracy at all u when we sample the image
plane at a rate of 5 dumps per primary beam. However getting a
0.1% accuracy needs quite high sampling rates (about 15). This
must be compared with the accuracy of knowledge of B.
We note that if a better accuracy is needed than the one
achievable with the highest sampling rate, it is in theory pos-
sible to replace in the correlator software the rectangle apodiz-
ing function by another function which falls more smoothly. To
avoid the loss of sensitivity inherent to the use of such an apodiz-
ing function (by throwing away data at the edges of the time in-
terval of integration), would require, for instance, to half-overlap
the integration intervals. This would imply more book-keeping
in the correlator software and some noise correlation between
the measured visibilities.
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Abstract
The usual way to image wide-field interferometric observations is known as mosaicking.
Different variants of mosaicking exist (e.g. Cornwell, 1988; Sault et al., 1996), including an
interesting recent implementation of mosaicking in the uv plane (golap et al., priv. comm.).
Pety & Rodr´ıguez-Ferna´ndez (2010) revisited the theory of wide-field imaging to propose a
different algorithm to image interferometric wide-field observations, based on the well-known
Ekers & Rots’ scheme. This algorithm is named wide-field synthesis because it explicitely
synthesizes the wide-field spatial frequencies throughout the uv plane. This memo describes
the current state of the implementation of this algorithm in a new package, named WIFISYN,
of the GILDAS software suit.
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2WIFISYN 1. introduction
1 Introduction
The usual way to image wide-field interferometric observations is known as mosaicking. Differ-
ent variants of mosaicking exist (e.g. Cornwell, 1988; Sault et al., 1996), including an interest-
ing recent implementation of mosaicking in the uv plane (golap et al., priv. comm.). Pety &
Rodr´ıguez-Ferna´ndez (2010) revisited the theory of wide-field imaging to propose a different al-
gorithm to image interferometric wide-field observations, based on the well-known Ekers & Rots’
scheme. This algorithm is named wide-field synthesis because it explicitely synthesizes the wide-
field spatial frequencies throughout the uv plane. This memo describes the current state of the
implementation of this algorithm in a new package, named WIFISYN, of the GILDAS software suit.
The first section summarizes the ideas underlying the proposed algorithm. The second section
demonstrates the different steps taken to implement the algorithm (i.e. simulation, gridding,
Fourier transform along the scanned sky coordinates to synthesize the wide-field visibilities, ap-
plication of a shift-and-average operator to obtain the wide-field uv plane and inverse Fourier
transform to yield the dirty image). We conclude on the additional needed steps to use this
new algorithm on a daily basis. Appendix A includes the implementation plan written before
coding WIFISYN. Appendix B includes the document of the current user interface of the WIFISYN
package.
2 Theory
Figure 1 illustrates the principles underlying 1) the setup to get interferometric wide-field obser-
vations and 2) our proposition to process them. For simplicity, we display the minimum possible
complexity without loss of generality. The top row displays the sky plane. The middle row
represents the 4-dimensional measurement space at different stages of the processing.
2.1 Observation setup and measurement space
Panel a) displays the sky region for which we aim for estimating the sky brigthness, I(α). The
field of view of an interferometer observing in a given direction of the sky has a typical size set by
the primary beam shape. In our example, this is illustrated by any of the circles whose diameter
is θprim. As we aim at observing a wider field of view, e.g. θfield, the interferometer needs to scan
the targeted sky field. We assume that we scan through stop-and-go mosaicking, ending up with
a 7-field mosaic.
After calibration, the output of the interferometer is a visibility function, V (up,αs), whose
relation to the sky brightness is given by the measurement equation
V (up, αs) =
∫
αp
B(αp − αs) I(αp) e−i2piαpup dαp, (1)
where V is the visibility function of 1) up (the spatial frequency with respect to the fixed phase
center) and 2) αs (the scanned sky angle), I is the sky brightness, and B the antenna power
pattern or primary beam of an antenna of the interferometer. Panel b.1) shows the measurement
space as a mosaic of single-field uv planes: The uv plane coverage of each single-field observation
is displayed as a blue sub-panel at the sky position where it has been measured and which is
featured by the red axes. We assume 1) that the interferometer has only 3 antennas and 2)
that only a single integration is observed per sky position. This implies only 6 visibilities per
single-field uv plane.
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Figure 1: Illustration of the principles of wide-field synthesis, which enables us to image wide-
field interferometric observations. The top row displays the sky plane. The bottom row displays
the 4-dimensional visibility space at different stages of the processing. In panels b) to d), the
scanned dimensions (αs and us) are displayed in blue while the phased spatial scale dimensions
(up) are displayed in red and the spatial scale dimensions (u) of the final wide-field uv plane are
displayed in black. In detail, panel a) shows a possible scanning strategy of the sky to measure
the unknown brightness distribution at high angular resolution: For simplicity it is here just a
7-field mosaic. Panel b.1) and b.2) sketch the space of measured visibilities: The uv plane at each
of the 7 measured sky positions is displayed as a blue square box in panel b.1) and a blue vertical
line in panel b.2). For simplicity, only 6 visibilities are plotted in panel b.1). Panels c.1) and
c.2) sketch the space of synthesized visibilities after Fourier transform of the measured visibilities
along the scanned coordinate (αs): At each measured spatial frequency up (displayed on the blue
axes) is associated one space of synthesized wide-field spatial frequencies displayed as one of the
red squares in panel c.1) and the red vertical lines in panel c.2). The wide-field spatial scales
are synthesized 1) on a grid whose cell size is related to the total field of view of the observation
and 2) only inside circles whose radius is the primary diameter of the interferometer antennas.
Panels d.1) and d.2) display the final, wide-field uv plane. This plane is built by application of a
shift-and-average operator. Inverse Fourier transform and deconvolution methods then produce
a wide-field distribution of sky brightnesses as shown in panel e).
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2.2 Processing by explicit synthesis of the wide-field spatial frequencies
All the information about the sky brightness, I(α), is somehow coded in the visibility function,
V (up,αs). The high spatial frequencies (from dmin to dmax) are clearly coded along the up dimen-
sion. The uncertainty relation between Fourier conjugate quantities also implies that the typical
spatial frequency resolution along the up dimension is only dprim because the field of view of a
single pointing has a typical size of θprim. However, wide-field imaging implies measuring all the
spatial frequencies with a finer resolution, dfield = 1/θfield. The missing information must then be
hidden in the αs dimension.
Pety & Rodr´ıguez-Ferna´ndez (2010) show that Fourier transforming the measured visibilities
along the αs dimension (i.e. at constant up) can synthesize the missing spatial frequencies,
because the αs dimension is sampled from −θfield/2 to +θfield/2, implying a typical spatial-
frequency resolution of the us dimension equal to dfield. Conversely, the αs dimension is probed
by the primary beams with a typical angular resolution of θprim, implying that the us spatial
frequencies will only be synthesized inside the [−dprim,+dprim] range. Panel c) illustrates the
effects of the Fourier transform of V (up,us) along the αs dimension. The red subpanels display
the us spatial frequencies around each constant up spatial frequency.
In panel d) (i.e. after the Fourier transform along the αs dimension), V (up,us) contains all
the measured information about the sky brightness in a spatial frequency space. However, the
information is ordered in a strange and redundant way. Indeed, we show that V (up,us) is linearly
related to I(up+us). To first order, the information about a given spatial frequency u is stored
in all the values of V (up,us) which verifies u = up + us.
A shift operation will reorder the spatial scale information and averaging will compress the
redundancy (illustrated by the halving of the number of the space dimensions). The use of a shift-
and-average operator thus produces a final uv plane containing all the spatial scale information
to image a wide field in an intuitive form. We thus call this space the wide-field uv plane. Panel
d) displays this space, where the minimum relevant spatial frequency is related to the total field
of view, while the maximum one is related to the interferometer resolution.
Applying the shift-and-average operator to V produces the Fourier transform of a dirty im-
age, which is a local convolution of the sky brightness by a slowly varying dirty beam (Pety &
Rodr´ıguez-Ferna´ndez, 2010). As a result, inverse Fourier transform of
〈
V
〉
and deconvolution
methods will produce a wide-field distribution of sky brightness as shown in panel e) at the top
right of Fig. 1.
3 Practice
In the real world, the visibility function is not only sampled, but this sampling is incomplete for
two main reasons. 1) The instrument has a finite spatial resolution, and the scanning of the sky
is limited, implying that the sampling in both planes has a finite support. 2) The uv coverage
and the sky-scanning coverage can have holes caused either by intrinsic limitations (e.g. lack of
short spacings or small number of baselines) or by acquisition problems (implying data flagging).
3.1 Simulating a wide-field observation
In order to test the implementation, we need a controlled data set. We simulated the simplest
meaningful case, i.e., a point source at the phase center (at the position of the famous Horsehead
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Figure 2: Sky and uv coverage of a simulated interferometric on-the-fly observation with the
Plateau de Bure interferometer. Left: Each cross display the average sky position attributed to
a set of visibilities recorded during one integration time. The center of the coordinate system is
the phase center. Right: Each cross display the uv position of a measured visibilities whatever
the associated sky position. The black crosses are measured. The red ones are deduced from the
Hermitian symmetry of the visibilities.
Figure 3: Chessboard display of the uv planes. Left: Each panel display the uv coverage of all
the visibilities whose position on the sky falls in a 20′′-range around the displayed sky coordinate.
Right: Typical zoom of one of the uv coverages displayed left.
nebula in the Orion molecular cloud). We choose to simulate observations with the Plateau de
Bure Interferometer because it allows us to clearly test the effect of incomplete instantaneous uv
sampling due to the limited number of available antennas. The most compact configuration (D-
configuration) was selected offering baseline length up to about 120m. We simulated observations
at the frequency of the 13CO (J=1–0) line, i.e. 110.201GHz or 2.72mm. At this frequency, the
primary beamwidth of 15m-antenna is 44.9′′.
We simulated On-The-Fly observations covering a total field of view of 300′′ × 100′′, which
converts into the observation of about 17 independent fields. The field of view is rectangular to
explore the effect of non-square pixels in the uv planes. We scanned the source along two per-
pendicular direction, named hereafter lambda and beta. The distance between two consecutive
rows ensures Nyquist sampling, i.e., λ/D = 18.7′′. We sampled along the scanning direction
at 5 points per primary beamwidth along the scanning direction to decrease the effect of beam
elongation. We dumps at a rate of 0.5Hz, i.e., one dump every two seconds. These two last
considerations implies a scanning velocity of 4.5′′ per second. We observed one full track, i.e.,
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during 9 consecutive hours alterning beta and lambda coverage in a loop with 5 minutes calibra-
tion measurements intersperse every 20 minutes. Each lambda or beta coverage lasts about 16
minutes. There were thus 47 coverages observed in total. Taking into account various overheads
(e.g., slew time between rows) and shadowing (about 13% of the visibilities lost), we estimate
the observing efficiency to be about 60%, i.e. 60% of the time is spent on-source. We end up
with a data set of 148 147 visibilities. If the data was imaged through standard mosaicking, it
would imply between 500 and 10 000 actual fields depending on the acquisition system. Indeed,
it is difficult to ensure that each scanning line always starts at exactly the same position on-sky
for each coverage as it is ideally assumed in this simulation.
Fig. 2 separately displays the sky and uv coverage, each cross representing one measure. In
reality, the uv coverage a priori depends on the position of the sky because of the Earth rotation.
Fig. 3 thus display the uv coverage as a function of the position on the sky through a chessboard
display. Each case of the chessboard displays the all the uv measures which falls in a 20′′-range
around the marked sky coordinate. The uv coverage is qualitatively similar over the full field
of view as a result of the observing strategy. The left panel of Fig. 3 is a zoom of one of the
uv coverages shown on the chessboard. The uv coverage displayed on Fig. 2 is much densely
populated than any of the individual uv coverages.
3.2 Fourier transform along αs and βs
We want to Fourier transform the raw visibilities along the sky dimension (αs and βs) at some
constant value of up and vp. The raw data, however, is sampled on an irregular grid in both
the uv and sky planes. We need to grid the measured visibilities in both the uv and the sky
planes before Fourier transformation for different reasons. First, the gridding in the uv plane will
handle the variation in the spatial frequency as the sky is scanned, i.e., the difficulty and perhaps
the impossibility of Fourier-transforming at a completely constant (up,vp) values. Second, the
gridding along the sky dimension enables the use of Fast Fourier Transforms.
3.2.1 Gridding
As usual, we grid through convolution and regular resampling. The visibilities must be convolved
in 4 dimensions (αs, βs, up and vp). For simplicity sake’s, the convolution kernel is just the
product of 4 one-dimensional functions along each convolution dimension. We used the standard
spheroidal functions (cf. Fig. 4), whose Fourier transforms die off as quickly as themselves. This
is a desirable mathematical property in processing interferometry data because it limits aliasing.
Fig. 5 displays the amplitude of the grided 4D visibility cube using a chessboard display, i.e.
a set of uv images positionned at their right place in the (δRA,δDec) sky coordinate system.
The first obvious visual impression when the color scale is linear is that the visibility amplitude
decreases isotropically as the distance from the point source position (at the center of the coordi-
nate system) increases. Indeed, the decrease in amplitude mimic the primary beam shape which
was used to similate the visibilities, i.e. a Gaussian of 44.9′′-beamwidth. The same chessboard
is also displayed with a logarithmic color scale to emphasize edge effects. The gridded visibilities
“abruptly” go to zero following an almost rectangular pattern. This is just the consequence of
gridding along rectangular axes a limited field of view (the observed one) while the Gaussian
primary beam has an unlimited support.
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Figure 4: Convolution kernels used to grid the visibilities along the up (first column), vp (second
column), αs (third column) and βs (fourth column) dimension. The top row displays the used
kernels while the bottom row displays their Fourier transform. The vertical red lines show the
size of the support over which the kernels are computed and used.
The left panel is a zoom of the image displayed at the point source position on the chess-
board. The visibility amplitude results here from the combination of the true visibility function
(i.e., a Gaussian for a point source at the phase center) and of the density and quality of the
measurements at the considered position on the sky (because we grid the weighted visibilities,
wV , and not just the visibilities themselves, V ). The images on the chessboard ressembles each
other to first order because the uv coverage is similar over the whole field of view.
3.2.2 Reordering
The chessboards in Fig. 5 display the up and vp visibility planes at constant values of αs and βs.
However, we want to Fourier transform the grided visibilities along the sky dimensions (αs and
βs) at constant value of up and vp. We thus reorder in Fig. 6 the chessboards so that they display
the αs and βs visibility planes at constant values of up and vp. Nothing is actually done on the
visibility cube itself, it is just a change in the way it is displayed. We note that we now recognize
on the chessboard display the footprint of the uv plane sampling. Each image of the chessboards
looks like the two zooms, which clearly show the Gaussian shape of the beam centered on the
point source position. In particular, the images of the chessboards here are rectangular1 (to keep
the ratio aspect of the αsβs planes).
1This is better seen on the chessboard with a logarithmic color scale.
8WIFISYN 3. practice
Figure 5: Chessboard display of the visibility amplitudes after the 4-dimensional gridding. The
amplitudes were arbitrarily normalized to get a maximum value of 1 because this allows the
reader to easily quantify the dynamic at which potential artifacts arise. Left: Each panel display
the image of the visibility amplitude at constant value of the sky coordinates (αs,βs) and as
a function of the uv coordinates (up,vp). Right: Typical zoom of one of visibility amplitude
images. Top: The color scale is linear. Bottom: The color scale is logarithmic.
3.2.3 Wide-field synthesis
The chessboards in Fig. 9 display the visibility amplitude after Fourier transform along the (αs,βs)
dimensions at constant (up,vp). We thus obtain a chessboards of (us,vs) planes at their positions
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Figure 6: Same as Fig. 5 after reordering of the axes, i.e. each panel display the image of the
visibility amplitude at constant value of the uv coordinates (up,vp) and as a function of the sky
coordinates (αs,βs).
Figure 7: Chessboard display of the amplitudes of the synthesized wide-field visibilities after
direct Fourier transform along the αs and βs axes at constant (up,vp) values. The amplitudes
were arbitrarily normalized to get a maximum value of 1. Left: Each panel display the image
of the visibility amplitude at constant value of the wide scale uv coordinates (us,vs) and as a
function of the narrow scale uv coordinates (up,vp). Right: Typical zoom of one of visibility
amplitude images. Top: The color scale is linear. Bottom: The color scale is logarithmic.
in the (up,vp) plane. The Fourier transform of a Gaussian is a Gaussian. The zoom panels thus
display to first order a Gaussian shape of full width at half maximum of about 15m (i.e. the
bure antenna diameter). The zoom panel using a logarithmic color scale clearly shows departure
from the Gaussian shapes at the edges of the image because of the presence of “abrupt” edges
in Fig. 6. This is at this step that the wide-field visibility are synthesized, although they are
ordered in an unnatural way.
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3.3 Shifting and averaging
Figure 8: Wide-field 2D uv plane after shifting-and-averaging the wide-field 4D uv plane displayed
in Fig. 7. The amplitudes were arbitrarily normalized to get a maximum value of 1. Right: The
color scale is linear. Left: The color scale is logarithmic.
After the wide-field synthesis step, we obtain a 4D wide-field visibility cube for which each
final uv spatial frequency (u,v) is measured for every (up,vp,us,vs) such that u = up + us and
v = vp + vs. The use of a shift-and-average operator allows us to get an intuitive wide-field
uv plane because this first reorders the spatial frequencies at their right place and this then
compresses them.
Fig. 8 display the wide-field uv plane, which results from this operation. It can be shown that
the properties of the measurement equations imply that this wide-field uv plane must comply with
the Hermitian symmetry, i.e. V (u, v) = V ?(−u,−v). This is equivalent to state that the dirty
image must be real. However, this Hermitian symmetry is only approximately enforced when the
shift-and-average operator is used blindly over the 4D wide-field visibility cube, probably due to
rounding errors. We thus enforces the Hermitian symmetry through 1) computation of only half
of the wide-field uv plane (the one with negative values of v) and 2) deduction of the other half
using the Hermitian symmetry.
3.4 Getting the dirty image through inverse Fourier transform
Once the wide-field uv plane is available, the dirty image is obtained by taking the real part of
the 2D Fourier transform of this plane. The top panel of Fig. 9 displays this dirty image, which
clearly shows a point source at the phase center. As this image is the response of the wide-field
synthesized interferometer to a point source located at the phase center, it can be interpreted at
the dirty beam at the phase center. In this framework, the side-lobes peaks at about 10% and
there is a negative bowl surrounding it because of the missing zero-spacing. The bottom panel
shows the absolute value of the dirty image with a logarithmic color scale to display the levels
at which appear different kind of artefacts. Aliasing replications appear between 10−2 and 10−5
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of the peak (yellow-red replications of the main blob along the two main axes) and they become
pronounced between 10−5 and 10−7 of the peak (green strips).
Figure 9: Dirty image after inverse Fourier transform of the wide-field 2D uv plane displayed in
Fig. 8. The images were arbitrarily normalized to get a maximum value of 1. Top: The dirty
image is displayed with a linear color scale. Bottom: The absolute value for the dirty image is
displayed with a logarithmic color scale.
4 Conclusion
This memo describes the first implementation in the GILDAS software suit of the wide-field synthe-
sis imaging algorithm, proposed in Pety & Rodr´ıguez-Ferna´ndez (2010). It shows good promise
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to process the large datasets produced by the on-the-fly interferometric observing mode. The
current implementation does not yet include deconvolution, a mandatory step to get clean images
compatible with the sky brightness distribution of the observed source. As a first step in this di-
rection, we computed the sets of wide-field dirty beams associated with the observation. Indeed,
the dirty beam slowly varies with the position of the sky because of the shift-variant nature of
interferometric wide-field observations. Using these dirty beams, standard CLEAN deconvolution
algorithms will be adapted to our imaging algorithm.
Acknowledgments. The authors thank S. Guilloteau for useful discussions at early stages of the
WIFISYN implementation.
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A Implementation plan
This appendix displays the implementation plan written when the GILDAS prototype was started.
* Step #1: Reading the uv and the xy (short-spacings) tables
- Substeps (READ OTF)
+ Read uv if available, results:
o Measured uv and sky positions (4 columns: up,vp,as,bs)
o Measured weights (nf columns)
o Measured visibilities (2*nf columns)
+ Read xy if available, results:
o Measured sky positions (2 real columns: as,bs
2 virtual columns: up=0,vp=0)
o Measured weights (nf columns)
o Measured brightness (2*nf columns)
+ If uv and xy available then
o Check consistency (spatial and frequency coordinates)
of UV and XY tables
o Crop XY table to a reasonable size
o Convert XY into jansky
o Merge both tables (The origin of the data must be kept as
additional columns)
- Results
+ Measured uv and sky positions (4 columns: up,vp,as,bs)
+ Measured weights (nf columns)
+ Measured visibilities (2*nf columns)
- Comments
+ We probably want to read several uv table coming from different
instruments (e.g. ALMA + ACA). The difficulty is not so much in
reading and merging the tables but in assigning the correct
transfer function to the correct visibilities.
* Step #2: Analysis of the data and definition of the tasks
- Substeps:
+ Sorting the visibilities in 3D if not already done
+ Definition of the grid axes
+ Definition of the kernels
- Results:
+ Sorted uv table
+ Grided uv and sky axes (4 axes: upg,vpg,asg,bsg)
+ Gridding Kernels (spheroidals)
- Comments:
+ The gridding function should depend on the kind of antennas
* Step #3: Gridding
- Substeps:
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+ Convolution of weighted visibilities
+ Convolution of weights
- Results:
+ Grided weights (5D cube: upg,vpg,asg,bsg,nu)
+ Grided visibilities (5D cube: upg,vpg,asg,bsg,nu)
- Comments:
+ No gridding correction
* Step #4: 2D DFFT along sky dimensions
- Substeps:
+ 2D DFFT of grided visibilities
+ Transformed weights (Hyp: independent weights before 2D FFT)
- Results:
+ Synthesized visibilities (5D cube: upg,vpg,usg,vsg,nu)
+ Transformed weights (5D cube: upg,vpg,usg,vsg,nu)
* Step #5: Shift-and-average
- Substeps:
+ Definition of the weighting function (using the transformed
weights, 5D cube: upg,vpg,usg,vsg,nu)
+ Shift-and-average data
- Results:
+ Wide-field visibilities (3D cube: u,v,nu)
* Step #6: 2D IFFT
- Substeps:
+ 2D IFFT of wide-field visibilities
- Results:
+ Dirty image (3D cube: a,b,nu)
* Step #7: Computation of the dirty beams
- Substeps:
+ Computation of the transfer functions of the single-dish and
interferometer antennas
+ Computation of a uv table corresponding to point sources at
position where the dirty beams must be computed
Sft(up,vp,as,bs,us",vs",nu) = S(up,vp,as,bs,nu).T(us",vs",nu).exp-(i.2.pi.us".as)
Results: A set of uv tables
+ Loop over steps 3 to 6 on each table and store the dirty beams
+ Fit of clean beams on the dirty beams
- Results:
+ Set of dirty beams (5D cube: a’,b’,a",b",nu)
+ Set of clean beams (4D cube: (major,minor,angle),a",b",nu)
- Comments:
+ If only the width of the beam and not its shape varies with
the frequency, then we can apply a dilatation of the coordinates
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as a function of frequency, implying the computation of a single
dirty beam for all the frequencies.
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B WIFISYN Language Internal Help
This appendix describes the user interface of the WIFISYN package.
B.1 Language
COMPLEX : Transfer complex internal buffers into SIC real images and
vice-versa
FFT : Compute direct or inverse FFT of internal buffers
LOAD : Load an internal buffer into a SIC variable
READ : Read the input files in internal buffers
SETUP : Setup and display the imaging parameters for the internal
uvxy table
UVBEAM : Compute the dirty beams associated to the internal uvxy
table
UVGRID : Grid the internal uvxy table
UVMAP : Compute the dirty image associated to the internal uvxy
table
UVSHIFT : Shift the phase center of the internal uvxy table
(Not working yet)
UVSORT : Sort the internal uvxy table
(Not working yet)
UVSWAP : Swap the UVT and UVR buffers
(Not working yet)
UVSYMMETRY : Check the Hermitian symmetry of the internal buffers
VARIABLE : Map the imaging internal parameters onto the WIFI% SIC
structure
WIFI2VISI : Shift-and-average the wide-field hypercube to get a
’’standard’’ visibility plane
WRITE : Write internal buffers into output files
B.2 COMPLEX
[WIFISYN\]COMPLEX VISICUBE|WIFICUBE TO|FROM AMPLITUDE|PHASE|RE-
AL|IMAGINARY
Transfer complex internal buffers (visicube or wificube) into SIC real
images for display. The inverse operation is possible to set or to modi-
fy the complex internal buffers.
B.3 FFT
[WIFISYN\]FFT VISICUBE|WIFICUBE /DIRECT|INVERSE /UV|XY
Compute the direct or inverse 2D Fast Fourier Transform of internal com-
plex buffers (visicube or wificube). When the FFT is applied to the
wificube buffer, the 2D FFT can be applied along either the uv or the xy
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axes.
B.4 LOAD
[WIFISYN\] LOAD Buffer Varname
Load the specified internal buffer (VISI, WEIGHT, BEAM, DIRTY) into the
specified SIC variable (Varname).
B.5 READ
[WIFISYN\]READ Buffer File [/PLANE First Last]
Read the specified internal buffer (UV, BEAM, DIRTY) from the specified
input File. Default extensions are respectively .tuv, .beam, .lmv. A
range of channels can be specified using the /PLANE option.
B.6 SETUP
[WIFISYN\]SETUP
Setup and display the imaging parameters for the internal uvxy table.
B.7 UVBEAM
[WIFISYN\]UVBEAM
Compute the dirty beams associated to the internal uvxy table.
B.8 UVGRID
[WIFISYN\]UVGRID [/NOCONV]
Grid the internal uvxy table into a wificube. The /NOCONV option creates
the wificube of the right dimension and initializes it so that the user
can fill it through the COMPLEX command.
B.9 UVMAP
[WIFISYN\]UVMAP
Compute the dirty image associated to the internal uvxy table. This com-
mand is equivalent to the following sequence: SETUP, UVGRID, FFT WIFI
/DIRECT /XY, WIFI2VISI, FFT VISI /INVERSE, COMPLEX VISI TO REAL.
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B.10 UVSYMMETRY
[WIFISYN\]UVSYMMETRY
Check the Hermitian symmetry of the wificube (or visicube???) buffer.
B.11 VARIABLE
[WIFISYN\]VARIABLE
Map the imaging internal parameters onto the WIFI% SIC structure.
B.12 WIFI2VISI
[WIFISYN\]WIFI2VISI
Shift-and-average the wide-field hypercube to get a ’’standard’’ visi-
bility UV plane, which can then be FFTed to get the dirty image.
B.13 WRITE
[WIFISYN\]WRITE Buffer File [/PLANE First Last]
Write the specified output File from the specified internal buffer (UV,
BEAM, DIRTY). Default extensions are respectively .tuv, .beam, .lmv. A
range of channels can be specified using the /PLANE option.
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Chapitre 8
Gestion des logiciels GILDAS
8.1 Présentation et contexte
GILDAS (http ://www.iram.fr/IRAMFR/GILDAS) est un ensemble de logiciels
(state-of-the-art) orientés vers la réduction de données de radioastronomie (sub)-millimétrique,
qu’elles proviennent d’une antenne unique ou d’un interféromètre. GILDAS comprend environ
425 000 lignes de code exécutable (c.-à-d. hors commentaires ou documentation) et il est struc-
turé en deux parties : 1) un cœur, nommé GREG, qui délivre 1) les services communs tels qu’une
bibliothèque graphique et 2) les logiciels astronomiques proprement dit : ASTRO, CLASS, CLIC,
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MAPPING... GILDAS est disponible pour de nombreux systèmes allant de Linux à Windows en
passant par Mac/OSX. Il est ainsi possible de l’utiliser sur un portable ou sur des stations de tra-
vail puissantes suivant les besoins. Il comprend des outils avancés, comme une réduction facile
des données d’imagerie grand-champ provenant d’une antenne unique ou d’un interféromètre.
L’histoire de GILDAS a commencé en 1983 dans le Groupe d’Astrophysique de Grenoble.
Aujourd’hui, c’est une partie essentielle des instruments de l’IRAM puisque c’est la suite de lo-
giciels utilisée pour réduire les données provenant du télescope de 30m de l’IRAM et de l’interfé-
romètre du Plateau de Bure. En conséquence, GILDAS est aujourd’hui principalement maintenu
par des personnels IRAM avec des contributions de Grenoble/IPAG, de Bordeaux/LAB et de
Paris/LERMA1.
Par ailleurs, des parties de GILDAS sont utilisées ou considérées dans beaucoup d’autres
contextes :
– CLASS (le logiciel utilisé pour réduire les données spectroscopiques de télescopes uniques)
est utilisé de manière courante dans d’autres observatoires (Herschel, SOFIA, APEX,
CSO, JCMT, NANTEN, ARO, Effelsberg, etc...).
– Le simulateur ALMA, construit en 2000-2001 pendant la phase de conception (voir la
section précédente), est toujours utilisé par de nombreux scientifiques pour simuler la fai-
sabilité d’observations ALMA à partir de diverses simulations de sources astrophysiques.
– Une large partie de l’analyse des caractéristiques des prototypes d’antennes d’ALMA (par
exemple, la qualité de la surface des antennes par holographie ou la qualité du pointage) a
été réalisée dans GILDAS. Aujourd’hui encore, les holographies des antennes sont réali-
sées sur le site (Atacama) dans GILDAS.
Une contrainte importante est ainsi que toute évolution de GILDAS pour servir les besoins de
l’IRAM doit être pensée en gardant tous les autres utilisateurs à l’esprit.
La longue histoire de GILDAS prouve la robustesse de son design. Elle implique aussi une
impressionnante accumulation d’expertise en radio-astronomie millimétrique, qui se traduit par
une excellente adéquation entre les services offerts et les besoins des utilisateurs. Les dévelop-
peurs historiques de GILDAS (P. Valiron, R. Lucas, S. Guilloteau, G. Duvert,...) se sont en grande
partie tournés vers d’autres tâches au début des années 2000. Cela signifie que 1) l’expertise est
transférée dans de nouveaux contextes et/ou instruments tels qu’ALMA (par exemple R. Lucas
est aujourd’hui un des acteurs clés du commissioning d’ALMA) et 2) qu’il a fallu renouveler les
développeurs GILDAS.
8.2 Assurer la continuité et la professionnalisation
J’ai ainsi eu deux objectifs principaux depuis que j’ai pris en main l’organisation de GILDAS
fin 2002 : il s’est agi, en embauchant et en formant graduellement une nouvelle génération de
développeurs, 1) d’assurer la continuité de GILDAS et 2) de professionnaliser le développement.
C’est dans cette perspective que j’ai encadré les post-doctorats de P. Hily-Blant (actuellement
1En détail, l’équipe GILDAS est aujourd’hui composée de deux ingénieurs IRAM à temps plein (S. Bardeau et
E. Reynier), deux ingénieurs IRAM à temps partiel (J.-C. Roche et M. Lonjaret), d’un ingénieur LERMA à temps
partiel (B. Delforge à 10% jusque fin 2010) et de nombreux astronomes à temps partiel affiliés soit à l’IRAM (J. Pety,
R. Zylka, H. Ungerechts, A. Sievers, V. Pietu, F. Gueth, A. Castro-Carrizo) soit à d’autres laboratoires (ESO, Chili :
R. Lucas, LAB : S. Guilloteau, IPAG : S. Maret et P. Hily-Blant, Max Planck à Bonn : H. Wiesemeyer).
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maître de conférence à Grenoble), V. Piétu (actuellement en CDI à l’IRAM pour s’occuper du
logiciel de calibration des données interférométriques) et que j’encadre aujourd’hui le travail de
quatre ingénieurs de niveau recherche (S. Bardeau J.-C. Roche, M. Lonjaret et E. Reynier, en
contrat avec l’IRAM).
Parmi les activités vitales et consommatrices de temps bien qu’essentiellement invisibles de
l’extérieur, nous avons 1) introduit l’usage d’outils de développement collaboratifs (par exemple
CVS), 2) remis à plat la distribution de GILDAS (par exemple le système de compilation) et 3)
maintenu ou réécrit les librairies communes pour les porter vers de nouveaux OS (par exemple
Mac OSX), pour supporter de nouveaux standards (par exemple Fortran 2003, POSIX), pour in-
troduire de nouvelles technologies (par exemple, le multi-threading). L’aide aux utilisateurs est
une autre activité consommatrice de temps. Cela comprend l’écriture de documentation (toujours
à compléter), le maintien de la page web (http ://www.iram.fr/IRAMFR/GILDAS) et
les réponses à gildas@iram.fr où sont traités les commentaires, les questions et les rap-
ports de bug (les temps médians de première et dernière réponse à une requête sont par exemple
11 et 32 heures). La section NEWS de la page web de GILDAS indique les changements inter-
venus dans chaque distribution mensuelle (3110 lignes entre la distribution de nov03 et celle
de jan12). Elle montre en particulier un renouvellement régulier des différentes parties de
GILDAS.
Enfin, outre l’organisation du travail d’équipe et ma participation à la maintenance et à l’aide
aux utilisateurs, je représente GILDAS tant à l’intérieur de l’IRAM (présentations à la direction,
au Scientific Advisory Committee de l’IRAM) qu’à l’extérieur (présentations et démonstrations à
des écoles ou des ateliers). Cela représente 50% de mon activité. La recherche sur les algorithmes
d’imagerie grand-champ en interféromètrie (cf. partie 7) a représenté une activité supplémentaire
de 20% au cours des 5 dernières années.
8.3 Perspectives
La radio-astronomie millimétrique continue de connaître un développement instrumental
considérable. Les sensibilités théoriques limites sont presque atteintes. Les bandes passantes
instantanées se mesurent aujourd’hui en GHz et demain en dizaines de GHz. Les plans focaux
commencent à être échantillonnés sur plusieurs minutes d’arc. Les surfaces collectrices aug-
mentent fortement et les techniques radio sont de plus en plus utilisées à petite longueur d’onde.
Dans ce contexte, les logiciels de réduction doivent se réinventer en permanence, mais pas for-
cément de zéro. L’expertise acquise et la compatibilité arrière sont des atouts considérables qu’il
faut savoir faire fructifier. Avec l’avènement d’Herschel et d’ALMA, la question de l’avenir de
GILDAS est souvent posée. Plutôt que de choisir un environnement logiciel produit pour un
autre instrument, la politique actuelle de l’IRAM est de maintenir des logiciels de haute qualité
pour ses instruments, tout en restant ouvert au monde extérieur. Cela se traduit par exemple par
des développements précis mais si possible génériques, par la possibilité d’échanger les données
avec d’autres environnements logiciels à travers l’utilisation de formats standards et l’adapta-
tion de l’interface à des usages modernes (par exemple la possibilité d’interagir avec GILDAS à
travers python).
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1 Why a new implementation of the GTV library?
The GreG program lies on the so-called GTV library, a low level segment library. This library was
written two decades ago, and not updated for several years. This was resulting in old-fashion
graphical aesthetics for nowadays users, with some annoying constraints from other ages, e.g.
windows which where not refreshed as often as the user would like.
For the maintainers point of view, the lack of experts of the source code was a big problem
to fix bugs or improve any feature, especially with an old-fashion source code. Finally the status
was usual rule in such a case: “If you don’t touch it you don’t break it”.
It was decided in 2007 to act before reaching the non-return point. In particular it was
time to cut the dependency with the old widget library Motif (and its various implementations
giving more or less satisfying results). The choice was made to use GTK instead, a well-known
widget library for Linux users (but also supported on MS Windows and Mac OSX), and actively
developed by the community. This was a first part of the work.
Another key piece is that GTV could only do one action at a time. By action one have to
understand: storing a new plot coming from a user command, or drawing in one window, or
plotting an hardcopy, etc. In particular this explains why the windows could not all be refreshed
when desired. From the developers point of view, it was due to the fact that a large amount of
the drawings were performed with global variables (some of them were internal to the library,
but some others were the user property!). Thanks to modern Fortran features (namely derived
types and pointers), the majority of the variables are not global anymore, but are passed to
the drawing routines through a small number of structures describing the plot and its destination.
Finally, thanks to the above point, it was possible to implement GTV as a multi-threaded
library: the user can work on its data while all its X windows are automatically refreshed or
updated.
In this new context, the field is open for new and modern graphical tools. For example, a
lens is already available: a popup window can be opened to zoom and browse a plotting window
with the cursor. And more tools are already considered for the future.
2 The new cool things for the enthousiastic users
Will your life change with the new GTV? Well, not exactly, but consider these points:
• the GTV is now multithreaded: this means basically that the drawings and the flow
of commands (including the data processing) are done in two different threads. With the
efficient rewriting of the code and your multi-core machine, you will experience much more
fluid graphics: the drawing events won’t be slowed or postponed by the data processing,
and vice-versa.
• GTK+ is now used as the widget library. No more old-fashion windows, forms, or file
browsing popups, they will look like what you are used to.
• multi-windowing is more user friendly: you can have several plots in several windows, all
are refreshed in real time. No more ZOOM REFRESH: windows are always up-to-date. You
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can also define the windows size and position with much more flexibility. The first window
is not anymore forced to open in the top right corner of your screen: now YOU decide if
your windows should open or not at a specific position.
• zooming is now easier and more interactive: a lens is now available at any time when
center-clicking in any plotting window, and zooming/unzooming is done with the mouse
wheel.
• tired of PostScript captures, rotations, and even color conversions? Now you can convert
(hardcopy) your plot natively to the PNG image format. In particular, the background
transparency is supported for an enhanced cosmetic of your presentations.
There also other things which will ease your life:
• Encapsulated PostScripts of landscape-oriented plots are not rotated anymore to por-
trait orientation. It is assumed that you will include it in another document (Latex source,
presentation, etc): you will not have do derotate it back to landscape orientation.
• the Look-Up-Table dynamics has been increased from 128 to 65536 levels. You will not
see anymore staircasing effects on smoothly-varying images.
• the so-called static Look-Up Table mode works now: you can use one Look-Up Table
per image in a single window.
• the GTV variables have been merged under a few SIC structures: this avoids diluting
your own variables into a large number of program variables.
• some command and options have been renamed for clarity, and to get rid of obsolete
nomenclature. Among other things, you will not have anymore to figure out which one of
the nine CLEAR flavors you need. For a smooth transition, GTV will recognize the old syntax
commands and let you know what they should be replaced with. Some variables, SIC
logicals, and synbols have also changed for the same reasons: you will find a summary
of all the changes in the tables 2, 3, 4 and 5.
• N2 algorithms in the source code are fixed. You think that GO SPECTRUM or GO BIT are
taking ages on a big data cube, slowing down at a point you feel they will never finish? Try
again now!
• no more weird error messages like “Not enough colors” or “Too many images plotted”:
the internal limitations have been removed and you are now only limited by the physical
memory of your computer.
And more will come in the future!
3 Requirements
3.1 Widget and graphic library
The GIMP ToolKit (GTK+) is now used as the widget library, while the GIMP Drawing Kit
(GDK) is used as the graphic library. This choice ensures portable code and similar rendering
on the three major sytems Gildas supports: Linux, Mac OSX, MS Windows. GTK+ and GDK
are thus now a requirement in order to compile the Gildas kernel. They are provided together4 CHANGES FOR END-USERS 5
on the system repositories as a unique package. Its presence on your system can be checked with
the following command:
pkg-config --exists gtk+-2.0; echo $?
If a 0 is returned (i.e. no error), then you will be able to compile the new Gildas kernel. If
another value is returned, you will need first to install the package.
The GTK+/GDK package has been tested between versions 2.10 and 2.22. Beyond this
range, you can encounter GTK warnings or errors. Please report these to gildas@iram.fr,
with your GTK version which you can find in the file gtk/gtkversion.h installed on your system.
In addition, the support for the old widget library Xforms is removed. Its support was still
present but was not tested for years. The support for the MOTIF library (the default used with
the previous kernel) is obsolete and is considered for complete removal soon.
3.2 Fortran compilers
At the time this documentation is written (14-dec-2010), here is the status of the various Fortran
compilers supported by Gildas:
• Intel Fortran Compiler (ifort): versions 9.0 and 11.1 have been tested. As far as we know
it seems fine to compile the new kernel with ifort. There is no bug directly related to the
new kernel, but remember there can be problems in old version of ifort (e.g. a memory leak
with ifort 9.0).
• g95: none of the stable versions of g95 (i.e. up to 0.92) is now able to run correctly the
new Gildas kernel. The Fortran runtime libraries it provides do not seem to be thread-
safe, i.e. there are conflictual access to its internal routines. With the implementation of
the Fortran co-arrays, the current development version of g95 (0.93) should be thread-safe.
The problem is that this version is not stable enough to compile the Gildas kernel, and
developments seem frozen since August 2010.
• the GNU Fortran Compiler (gfortran): recent versions of gfortran are able to compile and
run correctly the new Gildas kernel. The lower limit 4.3.0 required for the gfortran version
and introduced 2 years ago is kept unchanged. The annoying bug which enforce the user
to type RETURN after clicking in a widget is not related to the new kernel. A patch for this
bug has been submitted to the development versions of gfortran, and it will be part of the
releases 4.4.6, 4.5.2 and 4.6.0.
4 Changes for end-users
All the obsolete, changed or new concepts are exhaustively described in this section and in the
appendix A.
4.1 Behavior
4.1.1 Removed
There is a number of devices officially supported by GTV which have been removed. In the
GTV context, a device is a destination for the plot stored in the GTV tree (e.g. X-Windows or
PostScripts). The following ones have been removed, mostly because they are just obsolete:4 CHANGES FOR END-USERS 6
• HPGL
• REGIS
• TEKTRO
This includes all the variants which were available in the Gildas kernel/etc/ sources, but not
compiled by default in the standard Terminal Definition File.
The device SVG INTERACTIVE is also disabled, at least as long as its need is not clearly
required. The device SVG [LOCAL] is kept for hardcopies.
4.1.2 Changed
• The EPS (Encapsulated PostScript) hardcopies are not automatically rotated anymore. The
reason is that we assume now that EPS are intended to be included in another document
rather than being printed. The new option /FITPAGE for command HARDCOPY enables
automatic rotation and scaling (i.e. the historical behavior). The option /PRINT (formerly
/PLOT) implicitely activates /FITPAGE. Finally, the standard (non-encapsulated) PostScripts
have not been changed. The table 1 summarizes the former and new rotation rules.
• The default Look-Up Table (LUT) is now a continuous variation of colors, from black to
white. It is similar to the LUT which can be loaded from the file rainbow3.lut, probably
the most popular LUT in GTV. It can be reloaded at any time with the command LUT
DEFAULT. The previous default LUT was also a continuous variation of colors (circular hue
value), but from red to red, resulting in confusing low and high levels. It still can be loaded
with the command LUT COLOR.
• The so-called “LUT static” mode has been fixed and works correctly now. “LUT static”
mode can be used to define one LUT per GreG image. See HELP GTVL\CHANGE LUT for
details.
• Now the pen is a global atribute, e.g.:
GREG\PEN 0 ! Black
CREATE DIRECTORY SUB
CHANGE DIRECTORY SUB
GREG\PEN 1 ! Red
CHANGE DIRECTORY ..
With the above sequence of commands, the next segments created in the first directory
would have been black, since there was a memory of the last pen in use when leaving the
directory. Now, the pen used everywhere is the last pen defined anywhere.
4.1.3 New
• An interactive “lens” tool: browsing and zooming in your figures is now enhanced thanks
to a new tool: i) open the lens with a center-click on any plotting window, ii) zoom in or
out with the mouse wheel, iii) enlarge or reduce the lens with CTRL+wheel, iv) close the
lens with center-click again.4 CHANGES FOR END-USERS 7
Table 1: How the PostScripts and Encapsulated PostScripts are rotated or not depending on the
GTV version and the plotting page. Condition1 : Yes if the X range of the drawings is larger
than its Y range, else No. This table reflects how the printers or the Latex inclusions behave. It
does not reflect how some viewers can display the PostScript, in particular ghostview.
Old New
Kind EPS PS EPS PS EPS PS
/FITPAGE
Landscape Yes Yes No Yes Condition1 Yes
Portrait No No No No Condition1 No
• PNG hardcopies: in the context of modern use of figures (e.g. digital presentations,
webpages, etc), Greg plots can now be transfered natively to PNG images. See HELP
GTVL\HARDCOPY for details. In particular, these images support background transparency
4.2 Commands, variables, SIC logicals and symbols
There has been an important effort to clarify the names of the various GTV objects, to fix or
improve their behavior, and to clean out the obsolete ones. This can imply here and there an
action from the user to make its procedures compatible with the new GTV. The new GTV
knows about the old commands: it will detect these and suggest to the user what they should
be replaced with. It can run in 2 modes, tolerant or strict, which can be toggled with the SIC
variable GTV%STRICT2011. All the changes regarding these objects are exhaustively described in
the appendix A. The tables 2, 3, 4 and 5 summarize these changes.
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Table 2: Old GTV and GREG commands which are removed or modified, their purpose, and their
equivalent with the new GTV syntax. Refer to section A.1 for a detailed description.
Old command Behavior Equivalent
CLEAR perform a CLEAR PLOT see CLEAR PLOT
CLEAR ALPHA bring the plotting window in
front
not yet defined
CLEAR GRAPHIC bring the terminal in front none
CLEAR PLOT perform a CLEAR WHOLE, or DESTROY ALL, or
perform a CLEAR TREE CHANGE DIRECTORY + CLEAR DIRECTORY
CLEAR TREE destroy the current tree CHANGE DIRECTORY + CLEAR DIRECTORY
CLEAR WHOLE destroy all the trees DESTROY ALL
CLEAR WINDOW [Num] close the active/numbered win-
dow
DESTROY WINDOW [Dir [Num]]
CHANGE CLEAR TREE|WHOLE set the behavior of CLEAR PLOT none
CHANGE DRAW ON|OFF toggle the drawing state to active
or sleeping
none
CHANGE ZOOM NEW|CURRENT toggle the default behavior of
ZOOM
none
CREATE DIRECTORY /PIXEL set the window size of a new top
directory
CREATE DIRECTORY /GEOMETRY
CREATE DIRECTORY /SIZE set the plot page of a new top
directory
CREATE DIRECTORY /PLOT PAGE
DISPLAY CLEAR show the CLEAR PLOT behavior none
HARDCOPY /PLOT send the hardcopy to the printer HARDCOPY /PRINT
ZOOM REFRESH force the redraw of the active
window
none
ZOOM /REGION define the zoom area with the
cursor
none
ZOOM /CURRENT zoom is performed in the current
window
none
ZOOM /NEW zoom is performed in a new win-
dow
ZOOM without argument
GREG1\SET DRAW ON|OFF toggle the drawing state to active
or sleeping
none
GREG1\SHOW DRAW display the drawing state none4 CHANGES FOR END-USERS 9
Table 3: GTV and GREG variables which are removed, modified, or added. Their read-write status
is indicated in the third column. Refer to section A.2 for a detailed description.
Old name New name Read-Write Usage
GTV%SLEEP none RO the active/sleeping drawing state
GTV%IMAGES[4,15] none RO internal values associated to the
first 15 images
GTV%IDENT none RW the number of the device cur-
rently in use
LUT none RO the hue values of the current
LUT in use
REXTR none RO the extrema of the last segment
created
REXTR D none RO the extrema of the current work-
ing directory
none GTV%PWD RO the current working directory
GTV%LUT STATIC LUT%STATIC RO the dynamic/static LUT state
LUT SIZE LUT%SIZE RO the number of levels of the cur-
rent LUT
LUT MODE LUT%MODE RW the HSV or RGB mode for the
user-defined LUT
HUE LUT%HUE RW the hue values of the current
LUT (input/output)
SATURATION LUT%SATURATION RW same for the saturation values
VALUE LUT%VALUE RW same for the intensity values
RED LUT%RED RW same for the red intensity values
GREEN LUT%GREEN RW same for the green intensity val-
ues
BLUE LUT%BLUE RW same for the blue intensity values
B HUE LUT%BLANKING%HUE RW the hue value of the blanking
color (input/output)
B SATURATION LUT%BLANKING%SATURATION RW same for the saturation value
B VALUE LUT%BLANKING%VALUE RW same for the intensity value
B RED LUT%BLANKING%RED RW same for the red intensity value
B GREEN LUT%BLANKING%GREEN RW same for the green intensity value
B BLUE LUT%BLANKING%BLUE RW same for the blue intensity value
P HUE LUT%PEN%HUE RW the hue values of the user-defined
pens (input/output)
P SATURATION LUT%PEN%SATURATION RW same for the saturation values
P VALUE LUT%PEN%VALUE RW same for the intensity values
P RED LUT%PEN%RED RW same for the red intensity values
P GREEN LUT%PEN%GREEN RW same for the green intensity val-
ues
P BLUE LUT%PEN%BLUE RW same for the blue intensity values
LCUT CURIMA%SCALE[1] RO low cut for last image PLOT’ted
HCUT CURIMA%SCALE[2] RO high cut for last image PLOT’ted
SCALING CURIMA%SCALING RO scaling mode for last image
PLOT’ted
EQUAL NLEV CURIMA%EQUAL%NLEV RO number of levels in EQUAL mode
EQUAL LEV CURIMA%EQUAL%LEV RO levels in EQUAL mode
EQUAL HIST CURIMA%EQUAL%HIST RO values per level in EQUAL mode4 CHANGES FOR END-USERS 10
Table 4: SIC logicals in GTV which are modified or added. Refer to section A.3 for a detailed
description.
Old name Equivalent name Usage
LUT DIR: LUT#DIR: where the LUT files should be searched in
none WINDOW GEOMETRY the default geometry of new windows
none WINDOW POSITION the position on screen of the first window
Table 5: Old GTV symbols which are removed, and the command which can be used to define
them in user’s ∼/.gag.dico . Refer to section A.4 for a detailed description.
Old symbol Equivalent
CD SYMBOL CD "GTVL\CHANGE DIRECTORY"
PWD SYMBOL PWD "GTVL\DISPLAY DIRECTORY"
MKDIR SYMBOL MKDIR "GTVL\CREATE DIRECTORY"5 CHANGES FOR PROGRAMMERS 11
5 Changes for programmers
5.1 The new GTV overview
In the previous version of the GTV, the metacode describing the plots was stored in several chunks
of memory. The current chunk was contiguously filled with all the incoming data: directory
descriptors, segments descriptors, segment data, or image descriptors. When the current chunk
was (nearly) full, it was copied to a newly allocated chunk, and reset for new use. This had 3
major limitations:
• it was a permanent worry to make sure that the incoming data will fit in the remaining
place of the current chunk,
• the tree size and the numbers of images in the tree were limited by hard coded parameters
in the source code,
• the various links in the tree between the directories, the segments, and their data, were
remembering the chunk number and the position in the chunk. Deleting an object and
freeing its associated memory was just a nightmare: links could not be updated easily.
Figure 1: The tree and linked lists structure of the metacode storing the plots in the GTV, with
a basic example of top directories, subdirectories, and segments. The relationship presented here
between the various elements is not exhaustive.
Given these limitations, the choice was made to fully rewrite the way the metacode data is
stored in memory. Appropriate Fortran derived types were defined: they describe the various
links an object can have with others in the tree. Figure 1 shows an example of the various kind
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of data which can be encountered in the metacode.
All the links are made with allocatable pointers, which are allocated in real time, on-demand.
The tree is thus now growing dynamically in memory. Deleting an object is just as easy as
deallocating a pointer to it, after having taken care that the surrounding elements in the tree are
correctly updated. Furthermore, deallocation can be delayed (i.e. put in the event stack) after
all the events which need it are done, without altering the normal life of the tree (as ruled by the
commands executed).
5.2 Entry points
5.2.1 Removed
The so-called “immediate pen” support and associated entry points are removed:
• gti where
• gti pen
• gti out
• gti draw
• gti reloc
The “immediate pen” was used to plot lines directly on the default window, without storing
them in the metacode. This was an unsatisfying mechanism since: i) these drawings (probably
useful) were lost as soon as the window was redrawn, ii) the window manager could ask for a
window redraw at any time.
The Sleep and Wake Up modes for gtview are removed. They were intended to delay the
drawing of new segments being added to the metacode. This behavior has been removed because
i) the drawing is performed in another thread i.e. it does not slow down the main thread execution,
ii) the drawing routines were speed up to avoid re-reading the whole tree in order to search for
undrawn segments, iii) user always wants to see the segments being added as soon as possible.
As a consequence the following entry points are removed:
• gtstat (it was returning the sleeping status of the GTV)
• gtview(’Sleep’) and gtview(’Wake Up’) (they were setting the sleeping status of the
GTV).
The following obsolete entry points are removed:
• gtpaus
• gtg charsiz
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5.2.2 New
Any segment opened with gr segm must now be closed with the following new entry point after
all the data it contains has been sent to the metacode:
• gr segm close(error)
The following conditions applies:
• at close time (gr segm close), a segment is implicitely drawn by GTV,
• attempting to send segment data to the metacode while there is no segment currently
opened is an error,
• attempting to open (gr segm) a new segment while the previous one is not closed
(gr segm close) is an error,
• attempting to close (gr segm close) twice a segment is an error.
Given the first point above, the necessity for an Append mode for gtview is severely reduced.
Basically, what you will probably have to do is to replace all the statements gtview(’Append’)
by gr segm close(error). The only purpose to call gtview(’Append’) is now when you are
filling a unique segment, and want the user to see in real-time this segment being filled (e.g. a
curve showing the convergence of a computation, or an interactive drawing with the cursor, ...).
Instead of calling gr exec(’CLEAR SEGMENT FOO’), programmers can invoke the public sub-
routine gt clear segment(name,present,error) where name is the segment(s) name to be de-
stroyed (e.g. if name is FOO it will destroy all the segments named FOO:*), present is a logical
indicating if an error should be raised if no segment with such a name is found, and error is an
inout logical error flag (i.e. it keeps its entering value if no error occurs).A EXHAUSTIVE DESCRIPTION OF THE CHANGES IN GTV 14
A Exhaustive description of the changes in GTV
A.1 Commands
A choice has been made to clarify the various commands. In particular, there were some
keywords which were refering to some obsolete devices (e.g. CLEAR ALPHA and CLEAR GRAPHIC).
There was a also a confusion with the behavior command CLEAR. The rule is now: CLEAR FOO
erases the content of the object designated by FOO, while the new command DESTROY kills this
object.
A.1.1 Removed
• CHANGE CLEAR TREE|WHOLE, DISPLAY CLEAR
– commands were controling and displaying the behavior of CLEAR PLOT
– reason: associated CLEAR TREE and CLEAR WHOLE are removed.
• CHANGE ZOOM NEW|CURRENT
– command was controling the default behavior of ZOOM, i.e. if the zoom should be
performed in the main or in a new window.
– CHANGE ZOOM is removed since the zoom is now always performed in a new window.
• CHANGE DRAW ON|OFF, and GREG1\SET DRAW ON|OFF
– commands were both disabling (OFF) the real-time drawing of the new segments being
added to the metacode, and drawing them (ON) later on.
– reason: associed mode is removed in the Fortran API (see comments on gtview at
section 5.2.1.
• CLEAR GRAPHIC
– command was supposed to bring to front (or focus) the terminal (CLEAR GRAPHIC
means hide the graphic window).
– reason: not supported on any known modern window managers + too many keywords
accepted by CLEAR + keywords have no meaning for those who did not know the old
devices like Tektro.
• CLEAR PLOT
– reason: there was a confusion between plot clearing and windows destruction.
– in the simplest case, you have one window, and you are working in the top directory
(probably <GREG): just type CLEAR to erase the content of the current directory and
clear the window.
– if you have several windows: i) if you want to clear one window, type CLEAR TopDir
where TopDir is the directory associated to the window you want to clear, ii) but if
you want to kill one directory and its associated window, type DESTROY TopDir
– finally if you want to reset all your plots i.e. get back the startup status, type DESTROY
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• CLEAR TREE
– reason: too many keywords associated to the command CLEAR, can be replaced in the
new GTV context
– use CLEAR DIRECTORY TopDir instead, or CHANGE DIRECTORY (with no argument, it
goes to the top directory) + CLEAR DIRECTORY (with no argument, it erases the content
of the current directory).
• CLEAR WHOLE
– reason: too many keywords associated to the command CLEAR, command unused
– use CLEAR without argument instead
• CLEAR WINDOW [Num]
– reason: name is ambiguous, too many keywords associated to the CLEAR command
– use DESTROY WINDOW [Dir [Num]] instead. No way to destroy (from the command
line) the current window only. For the old CLEAR WINDOW ZOOM, use ZOOM OFF instead.
• CREATE DIRECTORY|WINDOW /PIXEL
– option /PIXEL Nx Ny is removed. It was overiding the default size of the new window
opened by the command.
– reason: new option /GEOMETRY does the same and more (see detailed description here-
after)
– use CREATE DIRECTORY|WINDOW /GEOMETRY Nx Ny for an identical result.
• CREATE DIRECTORY /SIZE
– option /SIZE is renamed /PLOT PAGE for symmetry with command GREG\SET
PLOT PAGE) which does the same afterwards. These commands define the physical
size of the plotting area of a top directory.
• HARDCOPY /PLOT
– option /PLOT for command HARDCOPY is renamed /PRINT.
– reason: nowadays we use printers, not plotters.
• GREG1\SHOW DRAW
– command was displaying the current real-time or delayed drawing status.
– reason: associated command GREG1\SET DRAW ON|OFF is removed.
• ZOOM REFRESH
– reason: unnecessary
• ZOOM /NEW|/CURRENT
– options were indicating if the zoom had to be performed in the main or in a new
window
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– these options are removed since it not possible anymore to zoom in the main window
(i.e. /NEW is implicit now)
• ZOOM /REGION
– reason: not available on MS Windows, unused, duplicate of the new lens.
• ZOOM buttons
– ”A” (Clear alphanumeric screen) is removed
– reason: same as CLEAR ALPHA
A.1.2 Changed
• CHANGE WINDOW WinNum
– change the active window to the given window number. The active window is the one
in which the interactive cursor will appear when it is invoked.
– window numbering starts now from 1 (Fortran like) instead of 0 (C like). So in most of
the cases the main window of the current directory has now number 1, and the zoom
window (if any) has number 2.
• CLEAR
– was performing a CLEAR PLOT
– now performs a CLEAR ALL (see after).
• CLEAR ALPHA
– commands is renamed (new name to be defined). It is supposed to bring to front (or
focus) the graphic window (CLEAR ALPHA means hide the alphanumeric terminal).
– reason: too many keywords accepted by CLEAR + keywords have no meaning for those
who did not know the old devices like Tektro.
– remark: this feature is poorly supported on Linux window managers (too many ap-
plications must have excessively used this, so that the window managers are very
restrictive now).
• CLEAR DIRECTORY [DirName]
– the old behavior was to make the directory and its content invisible for later destruction
by COMPRESS.
– command behaves differently: CLEAR DIRECTORY DirName empties the directory
named DirName. As a consequence, this clears the windows seeing this directory.
Without argument the content of the current working directory is removed. Segments
are now really deleted.
– reason: need a command which clears the content of a window i.e. of a top directory
(usually). Need also to minimize the number of keywords accepted by CLEAR for clarity.
– the old behavior (destruction of the directory) is ensured by the new command DESTROY
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• CLEAR SEGMENT
– without argument, command was deleting the last segment created in the metacode.
– without argument, command behaves slightly differently: it deletes the last created
segment in the current working directory, which can be different from the old behavior.
– reason: the metacode is now growing dynamically and the segments have lost their
“temporality”. Actually the new behavior seems better than the previous one.
– no way to mimic exactly the old behavior
– NB: CLEAR SEGMENT Name behaves as before, except it really deletes the segment
now (in the past it could have only made the segment invisble for later deletion by
COMPRESS).
• METACODE IMPORT|EXPORT
– Backward compatibility is broken.
A.1.3 New
• CHANGE POSITION
– support for Offx[Unitx] Offy[Unity] is added. See CREATE WINDOW /POSITION
above for the syntax.
• CLEAR ALL
– clear the content of all the top directories, which clears the content of their windows.
Top windows are not destroyed.
• CREATE WINDOW [/GEOMETRY] [/POSITION]
– new options /GEOMETRY and /POSITION are added:
CREATE WINDOW [/GEOMETRY Sx[u] Sy[u]]
[/POSITION Offx[u] Offy[u]]
where Sx and Sy are the window size, Offx and Offy the offset on the screen. “u”
(unit) can be “p” for pixels, “%” for percent of the screen, or “r” for the aspect ratio
in unit of the other dimension. Default unit is pixel.
– if /GEOMETRY is omitted, the values are read from the logical WINDOW GEOMETRY defined
in user’s ∼/.gag.dico with the same syntax as above. If the logical WINDOW GEOMETRY
is not defined, internal defaults are used for the window size.
– if /POSITION is omitted, the choice of the window position is let to the window man-
ager. “r” unit is a non-sense and is forbidden for this option.
• CREATE DIRECTORY [/GEOMETRY] [/POSITION]
– new options /GEOMETRY and /POSITION are added: they apply to the creation of the
window of a new top-directory. See CREATE WINDOW above for the syntax.
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– destroys the input directory and its windows attached. Destroying <GREG is allowed
(as long as user has moved before to another directory).
• DESTROY WINDOW [DirName [WinNum]]
– destroys all the windows attached to the directory DirName, i.e. should be all the
windows named DirName Number. Destroys all the windows of the current working
directory by default. If a window number is given, only this window is destroyed.
• DESTROY ALL
– destroys all the top directories and their windows
– since the user can not be in the root directory (<) and can not create segments in it,
he would have to create right after a new top directory. A first top directory is thus
created implicitely.
– As a consequence of these two points, the command resets the tree and windows to
the startup status.
• HARDCOPY /DIRECTORY DirName
– this new option allows to plot the given GTV directory. Default remains the current
working directory.
• HARDCOPY /FITPAGE
– this new option allows to adjust at best the plot on the hardcopy physical size. This
is suited for EPS harcopies which are not automatically rotated and scaled anymore.
– this option is exclusive with the historical option /EXACT (which disables the automatic
scaling).
• LUT Name /REVERT
– the look-up-table Name is loaded and reverted on the fly.
• GREG1\PEN [Ipen] /DASH 8
– an 8th dashing style is added. It contains regular dashes, shorter than the 2nd style
dashes, and larger than the 3rd (dot) style. Execute @ gag demo:demo5.greg for an
overview of all the pen attributes.
A.2 Variables
A.2.1 Removed
The following GTV variables are removed:
• GTV%SLEEP: the real-time or delayed drawing status, but this functionality is removed.
• GTV%IMAGES[2,15]: size and memory address of the images stored in the metacode, for
debugging purpose.
• GTV%IDENT: the number in Terminal Definition File of the device currently in use.A EXHAUSTIVE DESCRIPTION OF THE CHANGES IN GTV 19
• the LUT array is removed: it was describing the hue values of the current Look-Up Table
in use. But since the hue is not enough to describe a LUT (saturation and value are also
needed), the two triplets (LUT%RED, LUT%GREEN, LUT%BLUE) or (LUT%HUE, LUT%SATURATION,
LUT%VALUE) should now be used to get and set the Look-Up Table values.
• REXTR: the extrema (in plot page units) of the last segment created in the metacode.
• REXTR D: the extrema (in plot page units) of the current working directory.
A.2.2 Changed
The look-up table related variables are merged in a new structure named LUT%. See table 3 for
details. This structure has three major groups of variables related to the images look-up table
(under LUT%), to the blanking color (under LUT%BLANKING%) and to the pen look-up table (under
LUT%PEN%).
The variables describing the current RG image plotted by the command GREG2\PLOT are
merged under the structure CURIMA%. The equalization mode, if in use, is described under the
substructure CURIMA%EQUAL%. See table 3 for details.
A.2.3 New
• GTV%PWD: this new variable contains the current working GTV directory as a character
string. It is aimed to help writing plotting procedures which can work in the directory they
are started in without altering the other plots (trees) already created by the user.
• GTV%STRICT2011: this new variable will be available temporarily to rule how the interpreter
should behave when encountering an old GTV command. If its values is “yes”, an error is
raised. If “no”, it is only a warning. In both cases an explanatory message is displayed.
Default value is “yes”. This variable is present to help the users and programmers to speed
up the transition, but without breaking abruptly their procedures and programs.
A.3 SIC logicals
A.3.1 Removed
• LUT DIR:
– logical is removed. It was controlling the directory where the LUT files have to be
searched in.
– reason: new logical LUT#DIR: is better.
A.3.2 New
• GAG LUT:, LUT#DIR:
– new logical GAG LUT: is the path to the internal LUT files. User should not change it.
– new logical LUT#DIR: is a collection of paths where the LUT files should be searched
in. User can customize it as its will. Default value is ./;GAG LUT:;.
• WINDOW GEOMETRY, WINDOW POSITION
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– if defined, these new logicals control respectively the size of any new window, and the
position on the screen of the first window when the device is opened.
– user can define (one of) them in its ∼/.gag.dico for all its sessions, or later during a
session.
– the option /GEOMETRY of the command CREATE DIRECTORY|WINDOW override the values
in WINDOW GEOMETRY.
– see CREATE DIRECTORY|WINDOW above for the syntax to be used.
A.4 Symbols
A.4.1 Removed
• CD
– reason: should not be provided by GREG
– use CHANGE DIRECTORY or define the same symbol instead
• PWD
– reason: unused / should not be provided by GREG
– use DISPLAY DIRECTORY or define the same symbol instead
• MKDIR
– reason: should not be provided by GREG
– use CREATE DIRECTORY or define the same symbol instead
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Chapitre 9
Action Spécifique ALMA (administration de
la recherche)
9.1 Statut du projet ALMA
Les deux prochaines années vont voir la mise en service scientifique d’ALMA. Sur le site à
5000m d’altitude, les premières franges à deux antennes ont été obtenues fin octobre 2009 et les
clôtures d’amplitude et de phase à 3 antennes ont été obtenues début 2010, les premières obser-
vations scientifiques (cycle 0 de la période dite "early science") réalisées à partir d’octobre 2011
et il y a actuellement une vingtaine d’antennes en fonctionnement. Dans le calendrier actuel, la
date limite pour le deuxième appel à observations scientifiques aura lieu début juillet et la fin de
la construction d’ALMA est prévue pour 2013. Le passage de la phase de construction à la phase
d’exploitation scientifique d’un observatoire tel qu’ALMA pose de nombreuses questions. Com-
ment préparer au mieux la phase scientifique d’un instrument extrêmement compétitif car unique
et ouvrant de nouveaux espaces de paramètres (très haute résolution angulaire, longueurs d’onde
sub-millimétriques) ? Comment s’assurer que l’expertise technique (matérielle et logicielle) uti-
lisée lors de la construction soit conservée pour permettre de faire d’ALMA un instrument évo-
lutif ? Quel est l’avenir des observatoires actuels de radio-astronomie sub-millimétrique ?
9.2 Objectifs de l’action spécifique
J.-M. Hameury m’a nommé directeur de l’Action Spécifique ALMA (http ://www.graal.univ-montp2.fr/hosted/alma/)
depuis janvier 2008 avec un conseil scientifique entièrement renouvelé1 pour aider à répondre à
1Il comprend des spécialistes (F. Boone remplacé en 2009 par P. Salomé du LERMA, P.-A. Duc du CEA/Saclay,
E. Josselin du GRAAL, V. Piétu de l’IRAM, F. Selsis du LAB et A. Walters du CESR), des membres des pro-
grammes nationaux (S. Charlot pour le PNCG, E. Dartois pour PCMI, L. Jorda remplacé en 2010 par N. Biver pour
le PNP, F. Ménard pour le PNPS et M. Tallon remplacé en 2011 par O. Chesneau pour l’ASHRA) ainsi que trois
membres invités (F. Gueth, membre de l’ALMA Science Advisory Committee, F. Pajot, chargé de mission à l’INSU
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ces questions. Notre premier objectif est d’animer et de structurer la communauté scientifique
nationale en vue de l’exploitation d’ALMA. Il s’agit en effet d’assurer que le retour scienti-
fique français soit à la hauteur des efforts financiers importants de la France dans le domaine
(sub)-millimétrique tant pour construire ALMA que pour gérer l’IRAM.
En particulier, l’ASA est active pour sensibiliser la communauté au sens large aux premiers
appels d’offre et à la compétition accrue sur ALMA. Obtenir du temps sur l’interféromètre du
Plateau de Bure est déjà difficile. L’effet est amplifié avec ALMA car il s’agit d’un instrument
unique, impliquant une compétition mondiale d’autant plus accrue que le comité de sélection
des propositions est unifié et qu’ALMA devra servir une communauté bien plus grande que la
communauté radio. Par ailleurs, la sensibilité accrue d’ALMA par rapport à l’interféromètre du
Plateau de Bure actuel (d’environ un facteur 10) compensera tout juste la difficulté des observa-
tions demandées sur ALMA dans le submillimétrique et à très haute résolution angulaire. Ainsi,
lors de l’appel à proposition dit « Early Science Cycle 0 », seule 1 proposition sur 9 a été ac-
ceptée et le nombre de propositions acceptées (112 projets pour la 1ère année) sur ALMA a été
du même ordre de grandeur que le nombre de propositions acceptées aujourd’hui au Plateau de
Bure (environ 150 projets par an). Nous essayons donc de promouvoir une structuration scienti-
fique de la communauté française : 1) en identifiant les thématiques astrophysiques où la France
peut jouer un rôle de premier plan au sein des programmes nationaux de l’INSU ; et 2) en dé-
veloppant l’approche multi-longueurs d’onde. Cette structuration est d’autant plus importante
qu’il n’y a pas de temps garanti sur ALMA, et que les études multi-longueurs d’ondes vont sans
aucun doute jouer un rôle crucial dans l’analyse des données d’ALMA. Le retour scientifique
pour le permier appel est bon : 256 français ont répondu en tant que PI ou co-Is ; 7 propositions
acceptées ont un PI français et 34 autres ont au moins un co-I français2.
9.3 Activités 2008-2011
Après une période de présentation du projet ALMA en 2008 (séminaires à l’IAS, à l’IAP,
au GRAAL/LUPM, au CESR/IRAP et au CEA/Saclay ainsi qu’une présentation à la semaine de
la SF2A), nous avons organisé début avril 2009 les journées ASA à Grenoble (co-organisation
avec l’IRAM et le LAOG/IPAG). Durant ces journées, toute la communauté (une centaine de
personnes présentes) a été invitée à discuter de la manière dont elle souhaitait s’organiser scien-
tifiquement. Suite à ces journées, l’ASA a proposé dans un appel d’offre joint 2009-2010 de
soutenir financièrement des groupes dont l’objectif à terme est d’obtenir du temps avec ALMA.
Cette action a été reconduite dans l’appel d’offre 2011. C’est au total neuf groupes qui auront
été soutenus entre 2009 et 20113.
et L. Vigroux, président du conseil de l’ESO).
2En tout 40% des propositions acceptées ont au moins un co-I français, alors que le retour « théorique » attendu
est 6% (= 18% part de la France dans l’ESO × 33% part de l’ESO dans ALMA).
3Les coordinateurs et les thèmes de ces groupes sont : 1) P. André, phases précoces de la formation des étoiles de
toute masse ; D. Bockelée-Morvan, planétologie avec ALMA - Préparation Early Science ; O. Chesneau, enveloppe
commune et disques autour des étoiles évoluées ; J. Braine, formation stellaire et milieu interstellaire : de la Galaxie
aux galaxies ; J.-F .Gonzalez, disques protoplanétaires dans le (sub)-millimétrique : paver la route vers ALMA ;
S. Guilloteau et A. Dutrey, Mass and Ages of Young Stars and Chemistry in Disks ; E. Josselin, Etoiles évoluées
avec ALMA : études chimiques et polarimétriques ; J.-P. Kneib, Distant dusty galaxies lensed by massive clusters
at millimeter wavelength ; B. Rocca-Volmerange, Radio galaxies lointaines du catalogue HzRG avec ALMA.
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En 2009, l’ASA s’est aussi investie dans l’effort de prospective INSU. Nous avons eu deux
actions. Nous avons d’abord répondu aux questionnaires du groupe moyen4 et du groupe de ré-
flexion sur les services d’observation à propos du service SO3/ALMA. Puis, nous avons donné
un avis sur les problèmatiques de la prospective en lien direct avec l’ASA dans un document5 où
nous avons entre autres défendu la complémentarité entre ALMA et le projet NOEMA d’exten-
sion de l’interféromètre millimétrique du Plateau de Bure.
En 2010, l’ASA a en plus soutenu les deux évènements organisés par le nœud de l’ARC à
l’IRAM : 1) l’école bi-annuelle d’interférométrie millimétrique en octobre et 2) un atelier décri-
vant les capacités (sensibilité, résolution spatiale, réglages des récepteurs et des spectromètres)
et les outils "early science" (estimateurs de temps, soumission de proposition, réduction de don-
nées) en décembre 2010.
En 2011, nous avons organisé de nouvelles journées ASA intitulées « ALMA early science
cycle 0 : et après ? ». Ces journées ont commencé par une présentation de la situation actuelle :
montée en puissance des capacités ALMA, statut de l’ARC européen et de son nœud à l’IRAM,
complémentarité avec le projet NOEMA, bilan et perspectives de l’ASA. Puis, nous avons mis en
place des échanges nouveaux qui découlent naturellement des progrès instrumentaux en radio-
astronomie (sub)-millimétrique : comment transférer l’expertise de la communauté galactique
vers la communauté extragalactique pour bénéficier à plein de l’augmentation de résolution an-
gulaire ? comment la communauté galactique peut profiter des environnements nouveaux offerts
par la recherche extragalactique (régime sous-métallique, starbursts) pour raffiner les modèles ?
quels sont les besoins en données spectroscopiques et de micro-physique pour les études du sys-
tème solaire, des systèmes extrasolaires, des étoiles en formation, du milieu interstellaire (cette
partie a été organisée en coordination avec le GDR spectroscopie).
En s’appuyant sur les recommandations du groupe de réflexion sur les services d’observation
dans l’exercice de prospective, l’ASA a exprimé fin 2010 les besoins en services d’observation
ALMA pour la période 2011-2014. Dans ce document6, trois types de besoins différents sont
recensés : 1) le prêt (par mission longue, mise à disposition ou détachement) de personnels
qualifiés au projet ALMA pour participer à l’effort commissioning ; 2) la participation au support
face-à-face dans le cadre du nœud de l’ARC à l’IRAM et 3) le développement d’outils experts
(polarimétrie, imagerie on-the-fly, pipeline alternatif, ...). Parmi ces 3 besoins, le support face-
à-face est particulier. Une de ces difficultés est de se tenir au courant du projet (par exemple
quelles sont les évolutions du projet ALMA, que s’est-il réellement passé lors des observations,
quelles sont les limitations du logiciel de réduction et comment les contourner ?). Pour réussir
cela, il faut une équipe soudée qui s’occupe uniquement d’ALMA une large fraction de son
temps. C’est pour cela que l’ASA a jugé nécessaire de localiser l’ensemble du support face-
à-face uniquement à Grenoble. Ce document a été largement diffusé à la communauté, ce qui a
amené à une (re)définition des tâches de service par l’Observatoire de Grenoble7 et de Bordeaux8
Les prochaines étapes sont l’obtention d’un accord formel entre l’IRAM et l’Observatoire de
Grenoble ainsi que la labellisation de la tâche par la commission spécialisée astrophysique et
4A propos de la 2nde génération d’instruments pour ALMA et du nœud de l’ALMA Régional Center en cours
de constitution à l’IRAM (http ://www.iram.fr/IRAMFR/ARC/).
5Voir http ://paa09.cesr.fr/pub/Main/InfosPubliquesG2/priorites_asa.pdf.
6cf. http ://www.graal.univ-montp2.fr/hosted/alma/asa-so.pdf.
7cf. http ://www-laog.obs.ujf-grenoble.fr/Laog/Servobs/so_alma.html.
8cf. http ://www.oasu.u-bordeaux1.fr/index.php?pg=alma&lg=fr.
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astronomie de l’INSU.
Enfin, je maintiens depuis 4 ans une liste d’emails (asa-news@iram.fr) dont le but est
d’informer la communauté sur le statut du projet ALMA et les actions de l’ASA. Par ailleurs,
j’ai géré pendant 4 ans pour l’INSU l’accueil annuel de 2 étudiants chiliens pour commencer à
les former à la radioastronomie (sub)millimétrique, avec l’idée de favoriser la coopération scien-
tifique France-Chili. Durant la première semaine, ils participaient à l’école de radioastronomie
de l’IRAM. Puis, ils passaient leur deuxième semaine dans un laboratoire français pour travailler
sur des données de radioastronomie (sub)-millimétrique, aux frais de l’INSU. Les 8 étudiants
chiliens accueillis ainsi que les équipes françaises accueillantes ont tous donné un compte-rendu
positif de ces expériences. Cette coopération fructueuse a été l’un des éléments qui ont permis la
réalisation d’une Unité Mixte Internationale au Chili dans la deuxième moitié de 2011.
9.4 Quel avenir pour l’ASA?
Le mandat actuel de l’ASA se termine fin 2012. L’ASA aura alors existé pendant 8 ans. La
question de son renouvellement et de ses objectifs se pose donc. Comme la phase de construc-
tion d’ALMA devrait s’achever en 2013, les prochaines années seront essentielles pour le posi-
tionnement de la communauté française dans la compétition scientifique internationale. Garder
une action spécifique dédiée à ALMA durant ces années pour accompagner la transition de la
phase de construction à la phase d’exploitation semble indispensable. Cela permettrait aussi de
transmettre correctement l’organisation scientifique autour d’ALMA aux différents programmes
concernés.
Cependant, le conseil scientifique de l’ASA souhaite éviter d’installer une routine de finance-
ment récurrent de quelques groupes demandant du temps d’observation d’ALMA. La demande
de renouvellement doit donc s’accompagner d’objectifs clairs si possible en lien avec une liste
d’actions concrètes pour au moins 2013 et 2014. Parmi les actions passées, deux ont particu-
lièrement permis de former et de structurer la communauté française. Il s’agit des financements
pour aider à la participation aux écoles d’interféromètrie et des journées de discussion regrou-
pant diverses communautés (entre autres modélisateurs, observateurs, fournisseurs de données
micro-physiques).
Le conseil scientifique a enfin pris note que le projet NOEMA d’agrandissement de l’inter-
féromètre du Plateau de Bure est sur le point d’être mis en œuvre. Il sera important de mobiliser
la communauté française pour qu’elle exploite au mieux la complémentarité ALMA/NOEMA.
Cela pourra faire partie des nouveaux objectifs de l’ASA.
Contribution de l'Action Spéciﬁque ALMA
à l'exercice de prospective 2009
J. Pety pour le conseil scientiﬁque de l'ASA
10 Juin 2009
Les cinq prochaines années vont voir la mise en service scientiﬁque d'ALMA. Dans le calendrier actuel,
la phase de "commissioning and science veriﬁcation" commencera sur le site ﬁn 2009, les premières obser-
vations scientiﬁques ("early science") auront lieu mi-2011 et la ﬁn de la construction d'ALMA est prévue
pour 2013. Le passage de la phase de construction à la phase d'exploitation scientiﬁque d'un observatoire
tel qu'ALMA pose de nombreuses questions. Comment préparer au mieux la phase scientiﬁque d'un ins-
trument extrêmement compétitif car unique et ouvrant de nouveaux espaces de paramètres (très haute
résolution angulaire, longueurs d'onde sub-millimétriques) ? Comment s'assurer que l'expertise technique
(matérielle et logicielle) utilisée lors de la construction soit conservée pour permettre de faire d'ALMA un
instrument évolutif ? Quel est l'avenir des observatoires actuels de radio-astronomie sub-millimétrique ?
1 Aspects organisationnels
1.1 ALMA : le premier observatoire mondialisé au sol
La pratique de la radio-astronomie évolue d'une pratique individuelle à une pratique collective. A
l'IRAM, parmi les propositions ordinaires, les signataires d'une seule proposition sont souvent nombreux.
Cet eﬀet est ampliﬁé du fait que l'IRAM propose depuis 1 an un appel à observation spéciﬁque grands
projets (plus de 100 heures par semestre sur 2 ans, les données étant rendues publiques 18 mois après la
ﬁn des observations). Une raison sous-jacente à ce changement de pratique est que la radio-astronomie
millimétrique est devenue mature : de constatations "simples" sur quelques objets pas toujours résolus,
on est passé soit à des modèles complexes sur des objets très bien observés, soit à des statistiques sur un
grand nombre d'objets. Ce que l'on pouvait faire seul sur un ou deux spectres demande maintenant des ex-
pertises très poussées et complémentaires (traitement des données, transfert de rayonnement, modélisation
chimique et/ou mhd, etc...) sur une grande quantité de données.
L'eﬀet sera ampliﬁé avec ALMA car il s'agit d'un instrument unique, signiﬁant une compétition mon-
diale d'autant plus accrue que le comité de sélection des propositions sera unique et qu'ALMA devra servir
Tab. 1  Sensibilité en brillance à 1mm en fonction de la résolution angulaire et du temps d'intégration
pour l'interféromètre du Plateau de Bure (PdBI) et ALMA. A même résolution angulaire, ALMA est
beaucoup plus rapide que PdBI. Par contre, une augmentation de la résolution angulaire d'un facteur 10 à
même sensibilité en brillance demande une fraction signiﬁcative d'une année pour un interféromère comme
ALMA. Un compromis soit sur la sensibilité soit sur la résolution angulaire est nécessaire pour diminuer
les temps d'intégration.
Instrument Résolution Sensibilité Temps d'intégration Commentaire
PdBI 2009 1′′ 0.3 K 2 hrs
ALMA 2013 1′′ 0.3 K 3.5 min Même raie, beaucoup d'objets
ALMA 2013 0.1′′ 0.3 K 575 hrs 6.5% d'une année!
ALMA 2013 0.1′′ 5 K 2 hrs Compromis en sensibilité
ALMA 2013 0.4′′ 0.3 K 2 hrs Compromis en résolution
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une communauté bien plus grande que la communauté radio. Par ailleurs, la sensibilité accrue d'ALMA
par rapport à l'interféromètre du Plateau de Bure actuel (environ un facteur 10) compensera tout juste
la diﬃculté des observations demandées sur ALMA dans le submillimétrique et à très haute résolution
angulaire (cf. table 1). Le nombre de propositions acceptées sur ALMA devrait être du même ordre de
grandeur que le nombre de propositions acceptées aujourd'hui au Plateau de Bure (environ 150 projets
par an). Une conséquence directe est que la qualité formelle (pédagogie, clarté des objectifs, compétences
de l'équipe, etc...) des propositions d'observation devra être irréprochable pour être acceptée par le comité
des programmes.
L'Action Spéciﬁque ALMA est active pour sensibiliser la communauté au sens large à la compétition
accrue sur ALMA et à l'imminence des premiers appels d'oﬀre. Le bilan des journées ASA1 indique
clairement que la communauté française a des cartes à jouer dans de nombreux domaines : cosmologie,
formation et évolution des galaxies, formation stellaire, disques circumstellaires et protoplanétaires, étoiles
évoluées et matière circumstellaire, physique et chimie du milieu interstellaire, système solaire, etc... Bien
que la France soit en pointe sur les thématiques scientiﬁques au coeur d'ALMA, l'internationalisation
nécessaire (et déjà visible sur les demandes IRAM) des équipes risque de diluer la visibilité française.
Il est donc important que la communauté française se structure au niveau national pour
assurer le leadership français de propositions internationales ambitieuses sur ALMA. Cette
structuration est d'autant plus importante qu'il n'y a pas de temps garanti sur ALMA, et que les études
multi-longueurs d'ondes vont sans aucun doute jouer un rôle crucial dans l'analyse des données de ALMA.
1.2 Rôle des ALMA Regional Center dans l'obtention et la réduction des
données
L'ARC (ALMA Regional Center) est la structure qui sert d'interface entre ALMA et la communauté
scientiﬁque, avant les observations (call for proposals, phase 1, phase 2) et une fois que les données ont été
obtenues (accès à l'archive, support aux utilisateurs, etc). En Europe, l'ARC est organisé sous la forme
d'un réseau. Le noeud central à l'ESO/Garching est en charge de la gestion des demandes de temps et
des observations, de l'archive, et de la distribution des données de ALMA. Les six noeuds additionnels
sont en charge de la formation des utilisateurs en amont, de l'aide directe fournie aux utilisateurs pour la
préparation des projets et la réduction des données (support face-à-face), ainsi que du développement de
techniques et d'algorithmes de traitement de données innovants.
L'ARC est une structure essentielle pour assurer le succès de ALMA : dans une compétition mondiale
extrêmement forte, il est nécessaire d'avoir des centres d'expertise pouvant fournir un support eﬃcace et
rapide à la communauté, notamment pour la réduction des données. Les ARC nord-américains et asiatiques
sont localisés à un seul endroit. Le modèle européen consistant à impliquer plusieurs laboratoires est justiﬁé
par le manque d'expertise disponible à l'ESO, mais comporte un risque très fort de dispersion des eﬀorts.
La communauté française est dans ce contexte avantagée, car elle possède déjà une expertise indé-
niable en interférométrie millimétrique, grâce notamment à l'IRAM, qui est l'un des noeuds de l'ARC.
L'expérience du Plateau de Bure montre qu'un support eﬃcace nécessite des personnes impliquées pour
une large fraction de leur temps (au moins 30%), ainsi qu'une masse critique permettant de couvrir toutes
les problématiques (instrumentales, logicielles, scientiﬁques). La communauté française doit soutenir
le développement du noeud de l'ARC européen à l'IRAM, qui sera un atout essentiel dans
l'exploitation d'ALMA.
1.3 Besoins spéciﬁques à l'analyse scientiﬁque des données
La communauté s'étonne de la faiblesse des moyens consacrés à l'utilisation scientiﬁque de nouveaux
instruments en regard de leur coûts de construction et de fonctionnement. Pour obtenir un retour scien-
tiﬁque complet d'un instrument tel qu'ALMA, il faut un grand nombre de compétences très pointues,
incluant entre autres :
 les développements instrumentaux ;
 le développement et la maintenance de logiciels de traitement des données ;
1Voir http ://www.graal.univ-montp2.fr/hosted/alma/programme.html
et http ://www.graal.univ-montp2.fr/hosted/alma/cs2009a.html.
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 la fourniture de données de micro-physique ;
 le développements et la maintenance d'outils d'analyse des données (par exemple transfert de rayon-
nement) ;
 le développement et la maintenance d'outils de modélisation (modèles physico-chimiques génériques,
modèles magnéto-hydrodynamiques génériques, etc...) ;
Un souci particulier se situe aux interfaces comme la fourniture de données micro-physiques ﬁables. Il s'agit
de services essentiels pour la communauté astrophysique, mais insuﬃsemment valorisés (cités) et soutenus
sur le long terme. En outre, le dialogue entre communautés de culture très diﬀérente est le seul moyen
d'obtenir une bonne adéquation entre les besoins astrophysiques et l'expertise disponible. C'est d'autant
plus crucial que les problèmes astrophysiques sont plus diﬃciles et plus nombreux à traiter. Un soutien
pérenne à ces diﬀérentes communautés et à leur dialogue est donc une priorité.
Par ailleurs, la possibilité de mobiliser rapidement des post-docs une fois le temps d'observation obtenu
sera également un aspect clé du succès de l'utilisation d'un instrument comme ALMA, et l'ASA s'inquiète
des possibilités restreintes existantes en France. L'Action Spéciﬁque ALMA soutient une idée ré-
currente avancée pour améliorer la situation : l'attribution à ces tâches d'un pourcentage du
coût de construction d'instruments de classe mondiale.
1.4 Ressources humaines
La mise en service d'ALMA s'accompagne de besoins assez diﬀérents en ressources humaines. ALMA
devant servir une communauté bien plus large que la communauté des radio-astronomes, il faut encourager
les actions de formation des autres communautés. Cela passe par l'organisation d'écoles (par exemple les
écoles de radio-astronomie et d'interférométrie de l'IRAM ) mais aussi par la formation d'étudiants sur des
thématiques scientiﬁques à cheval sur plusieurs longueurs d'ondes. En outre, l'accueil d'étudiants chiliens
est un moyen particulièrement eﬃcace de commencer des collaborations avec le Chili, qui dispose de 10%
du temps ALMA. Il est aussi important d'encourager des personnes à passer du temps au Chili comme
astronome résident mis à la disposition de l'ESO pour ALMA. C'est certainement la meilleure manière
d'assurer une très bonne connaissance de l'instrument et de la diﬀuser dans la communauté française.
Le noeud de l'ARC à l'IRAM est un projet qui s'inscrit dans le long terme, puisqu'il devra accompagner
la montée en puissance de ALMA avant sa phase de fonctionnement. L'ASA aura donc une action pour que
le noeud de l'ARC à l'IRAM soit cité dans la catégorie AA-SO5 :  Centres de traitement et d'archivage
de données . En plus des besoins précédents, le succès scientiﬁque d'ALMA dépend d'un grand nombre
d'activités qui sont autant de services à la communauté (cf. section 1.3). Une diﬃculté dans la déﬁnition
des tâches de service ALMA est que le projet reconnaît diﬃcilement les contributions qu'il ne ﬁnance pas.
Pour prendre ces diﬀérents aspects en compte et pour s'assurer que l'ensemble de la communauté soit
pleinement associée à la déﬁnition des tâches de service ALMA, l'ASA propose donc de lancer un appel à
idées, les réponses étant classées par l'ASA puis transmises à la CSA pour une demande de labellisation.
2 Aspects instrumentaux
2.1 L'évolution d'ALMA au-delà de 2013
Dans le calendrier actuel, la construction d'ALMA se terminera en 2013. Dans le budget de fonction-
nement d'ALMA (environ 65 M$), 10 M$ sont envisagés annuellement à partir de 2015 pour faire évoluer
ALMA jusqu'à l'horizon 2020. A l'heure actuelle, des discussions préliminaires ont lieu, essentiellement
dans le cadre du Science Advisory Committee d'ALMA. Or il est diﬃcile d'envisager dès aujourd'hui l'im-
pact scientiﬁque de ces possibles améliorations puisqu'il faudra plusieurs années pour ressentir pleinement
l'impact d'ALMA dans sa conﬁguration actuelle. Parmi les options envisagées, on trouve :
 une amélioration de certains aspects d'ALMA (par exemple, la possibilité de faire du VLBI ou des
observations solaires) ;
 la complétion de la couverture spectrale d'ALMA par la construction des bandes de fréquence ac-
tuellement manquantes (B11 au-delà du THz, B5 de 163 à 211 GHz, B2 de 67 à 90 GHz, B1 de 31
à 45 GHz) ;
 une augmentation signiﬁcative du nombre d'antennes (par exemple de 50 à 64).
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Les budgets et les calendriers associés à ces projets sont très diﬀérents et parfois mal déterminés car ils
peuvent demander une phase de recherche et développement importante.
Bien que les projets soient en cours de déﬁnition, il est néanmoins important de rappeler
qu'ALMA a vocation à évoluer de manière signiﬁcative après sa construction. Dans ce cadre, la
France doit encourager les laboratoires français et l'IRAM à conserver leur importante expertise matérielle
et logicielle en radio-astronomie millimétrique. En eﬀet, il est important pour la communauté française
d'anticiper sur des bases scientiﬁques et techniques l'évolution d'ALMA. Ceci permettra d'avoir un rôle
moteur dans cette évolution, ce que l'expertise française a déjà permis pour les phases de conception et de
construction d'ALMA2. Ceci est d'autant plus essentiel que pour la première fois dans le projet ALMA, la
notion de temps garanti pourrait éventuellement être associée aux appels d'oﬀres générés par les évolutions
d'ALMA après 2013 (possibilité mentionnée par L.Testi, European Project Scientist, lors des journées ASA
à Grenoble).
2.2 Le projet NOEMA d'extension de l'interféromètre du Plateau de Bure
ALMA sera un instrument unique de par ses possibilités submillimétriques et de très grande résolution
angulaire (la plus grande ligne de base faisant 14 km). Il est prévu qu'ALMA passera au maximum 25%
de son temps d'observation (cad 3 mois par an) dans le domaine millimétrique (longueur d'onde entre 3
et 1mm) et dans des conﬁgurations  compactes  (cad ayant une ligne de base maximum inférieure à
1.6 km)3. En considérant la fraction française d'ALMA (environ 6%), on obtient 1.5% ou 6 jours par an
pour faire de la science millimétrique à résolution angulaire  moyenne  (entre 0.2 et 2). Une fraction
majeure du coût d'ALMA ainsi que son plus fort potentiel de découverte scientiﬁque vient principalement
de ses capacités submillimétriques (site à très haute altitude, très grande qualité de surface d'antenne) et
de ses capacités de très haute résolution angulaire. Cela conduit à penser que les estimations de temps
ci-dessus sont des limites largement supérieures car elles extrapolent la science faite aujourd'hui avec des
instruments principalement millimétriques aux résolutions angulaires limitées.
Le domaine millimétrique est scientiﬁquement crucial car il contient notamment la plupart des transi-
tions fondamentales des molécules observées dans le milieu interstellaire froid (e.g. disques protoplanétaires,
coeurs pré-stellaires, nuages moléculaires dans les galaxies, etc...). Le domaine millimétrique est aussi essen-
tiel pour la découverte et l'étude des sources à grand redshift, en continuum de par l'eﬀet de la correction
K inverse, et en raies de par le redshift. Par ailleurs, il n'y a pas pour l'instant de provision pour des 
legacy surveys  sur ALMA parce que l'ensemble des thématiques scientiﬁques doivent pouvoir bénéﬁcier
dès le début de l'opération du changement de domaine de paramètre exploitable par ALMA (résolution,
longueur d'onde). Ces arguments soulignent la nécessité d'avoir, en complémentarité avec ALMA, un ins-
trument dédié aux études systématiques dans le domaine millimétrique avec une sensibilité similaire à celle
d'ALMA.
L'interféromètre du Plateau de Bure (PdBI) est aujourd'hui le meilleur interféromètre millimétrique
au monde. Améliorer un interféromètre peut se faire de quatre façons diﬀérentes : 1) augmenter le nombre
d'antennes, 2) augmenter la longueur de la plus grande ligne de base, 3) augmenter la bande passante totale
des récepteurs, 4) passer de récepteurs mono-pixels à des récepteurs multi-pixels. Le projet NOEMA vise
à faire de PdBI un instrument complémentaire à ALMA en jouant simultanément sur les trois premières
possibilités :
 doubler le nombre d'antennes de 15 m (de 6 à 12, impliquant un doublement de la surface collectrice
et meilleure qualité d'imagerie par quadruplement du nombre de lignes de base) ;
 doubler la plus grande ligne de base (de 800 à 1600 m) et donc de doubler la résolution angulaire
actuelle ;
2Au contraire de NRAO, l'ESO a peu de connaissance en radio-astronomie (sub)-millimétrique. L'essentiel de la construc-
tion d'ALMA en Europe est donc sous-contracté par l'ESO à des instituts spécialisés en radio-astronomie. En France, il s'agit
de l'IRAM/Grenoble, du LERMA/Paris et du LAB/Bordeaux
3Le  Design Science Reference Plan  indique en eﬀet qu'ALMA passera environ 55% du temps d'observation à faire des
observations millimétriques
(cf. http ://www.eso.org/sci/publications/messenger/archive/no.131-mar08/messenger-no131-46.pdf). Par ailleurs, les
28 conﬁgurations d'ALMA (dont 14 conﬁgurations  compactes ) tourneront avec une périodicité de 18 mois au rythme
typique d'un changement d'antenne par jour. Il est donc possible d'estimer qu'ALMA passera au plus 50% de son temps dans
des conﬁgurations  compactes . En multipliant les deux pourcentages, on obtient 27.5%
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Fig. 1  Vitesses relatives de diﬀérents instruments dont les caractéristiques sont déﬁnies dans le tableau
ci-dessous, où D est le diamètre des antennes, Nant le nombre d'antennes, Nbas le nombre de lignes de
base, Npix le nombre de pixels et B la bande passante totale disponible. La vitesse relative est déﬁnie
comme l'inverse du temps qu'il faut pour atteindre la même sensibilité par point observé du ciel : en mode
pointé, elle est proportionnelle à BNbasD
4 ; en mode d'imagerie grand champ, elle est proportionnelle à
BNpixNbasD
2. Les vitesses ont été normalisées par les performances de NOEMA.
Single beam Multi beams
Today PdBI NOEMA ALMA PdBI (4× 4) NOEMA (4× 4)
D [m] 15 15 12 15 15
Nant 6 12 50 6 12
Nbas 15 66 1225 15 66
Npix 1 1 1 16 16
B [GHz] 8 32 16 8 8
 d'utiliser une instrumentation innovante, en particulier une nouvelle génération de récepteurs qui
quadruple la bande passante totale (de 8 GHz à 32 GHz), impliquant une sensibilité 4 fois plus
grande en continuum et la possibilité d'observer simultanément 4 fois plus de raies.
Ces options sont techniquement réalistes : en particulier, des prototypes de tels récepteurs existent déjà
aujourd'hui à l'IRAM. NOEMA et ses possibles améliorations sont dans la continuité des développements
technologiques qui ont conduit l'IRAM à installer 3 générations de récepteurs et 4 générations de corré-
lateurs à Bure depuis 1990. Le coût total du projet NOEMA est 43 Meuros dont entre 8 et 16 Meuros
ﬁnancés par la France (suivant le résultat de la campagne actuellement en cours pour obtenir des fonds
privés), cad un coût moindre que le budget de fonctionnement d'ALMA pour une seule année.
Pour des raisons de design et de site, NOEMA sera dédié à l'étude du domaine de longueur d'onde
millimétrique (3mm, 2mm et 1 mm) à des résolutions angulaires comprises entre 0.2" et 2" avec une
rotation rapide entre conﬁgurations (de l'ordre de 6 mois). En mode pointé et en continuum, la sensibilité
de NOEMA sera la moitié de celle d'ALMA, ce qui implique qu'ALMA sera 4 fois plus rapide (cf. ﬁgure 1).
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En raie, la sensibilité de NOEMA sera 36% de celle d'ALMA, ce qui implique qu'ALMA sera 8 fois plus
rapide pour des raies individuelles. Cependant, pour les surveys de raies, ALMA sera seulement 4 fois plus
rapide parce que la bande passante de NOEMA sera 2 fois plus large que celle d'ALMA et contiendra
donc 2 fois plus de raies. Compte tenu de la fraction de temps maximum (25%) passée par ALMA en
millimétrique à résolution  moyenne , NOEMA aura donc une production annuelle au moins comparable
dans ce domaine de paramètres. En pratique, NOEMA sera ainsi l'instrument de choix pour des études
systématiques (de type "surveys") dans les bandes millimétriques (3, 2 et 1 mm). On peut citer par
exemple : la détection et l'étude de populations de galaxies  normales  à grand redshift, la détection et
l'étude la fonction de masse des proto-naines brunes (origine de l'IMF), l'étude des cycles de la matière
(gaz et poussière) dans diﬀérents environnements (turbulents, chocs, PDRs, ...).
En résumé, le projet NOEMA oﬀre donc à la communauté un instrument indispensable,
dédié aux longueurs d'onde millimétriques à des résolutions intermédiaires entre une antenne
unique (du type IRAM-30m) et ALMA. Par contraste, ALMA est un instrument très ﬂexible (8
bandes de récepteurs, 28 conﬁgurations), devant servir une communauté pratiquement mondiale, et dont
le potentiel de découverte est d'abord déterminé par ses aspects uniques, à savoir le submillimétrique et
la très haute résolution angulaire. La sensibilité de NOEMA est proche de celle d'ALMA, donnant à la
communauté française une puissance d'observation millimétrique au moins égale (dans l'hémisphère nord)
à résolutions angulaires comprises entre 0.2" et 2". NOEMA est donc un projet qui est un complément
idéal de l'EVLA aux longueurs d'onde centimétriques et d'ALMA aux longueurs d'onde submillimétriques.
Enﬁn, c'est un projet qui permet à la communauté française de garder une expertise matérielle, logicielle
et scientiﬁque, mondialement reconnue aujourd'hui comme l'indique son implication importante dans la
construction d'ALMA.
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Appendice
A Des multi-pixels à Bure : une suite logique au projet NOEMA
La vitesse d'imagerie grand-champ de NOEMA (déﬁnie comme l'inverse du temps qu'il faut pour
atteindre la même sensibilité par point observé du ciel) est aussi commensurable avec celle d'ALMA (cf.
ﬁgure 1). Pour atteindre la même vitesse d'imagerie grand-champ sans changer le nombre d'antennes à
Bure, il faut remplacer les récepteurs mono-pixels par des récepteurs d'au moins 16 pixels dans le plan
focal des antennes de l'interféromètre. Outre le fait qu'un multi-pixel n'augmente que la vitesse d'imagerie
grand-champ et non la vitesse d'imagerie en mode pointé, la déﬁnition de vitesse d'imagerie grand-champ
donnée ci-dessus oublie un aspect essentiel en interféromètrie, à savoir la qualité d'imagerie obtenue. Celle-
ci est directement liée à la couverture du plan uv. La ﬁgure 2 compare la couverture du plan uv obtenue
en conﬁguration compacte pour le Plateau de Bure actuel (6 antennes) et pour NOEMA (12 antennes) en
12 heures d'observation. Le quadruplement du nombre de lignes de base permet à NOEMA d'obtenir une
résolution angulaire deux fois plus ﬁne avec une couverture du plan uv bien plus complète.
Conscient du potentiel des récepteurs multi-pixels pour l'imagerie grand-champ, l'IRAM a une politique
de recherche et développement oﬀensive dans ce domaine depuis plus de 10 ans. Cela a conduit à la
réalisation d'HERA (récepteur de 18 pixels installé à l'IRAM-30m). Et cela se traduit aujourd'hui par des
programmes de R&D en cours tant au niveau matériel pour miniaturiser les mélangeurs (FP7 AMSTAR+)
qu'au niveau algorithmique pour mettre en oeuvre le mode d'observation interféromètrique grand-champ,
dit On-The-Fly (FP6 ALMA Enhancement). Par ailleurs, la taille des cabines des antennes de Bure
permet d'abriter à la fois des récepteurs mono-pixels, multi-fréquences, et un récepteur multi-pixel, mono-
fréquence, donnant une ﬂexibilité scientiﬁque similaire à celle de l'IRAM-30m d'aujourd'hui. Enﬁn, le
transport du signal et le corrélateur de NOEMA, représentant une fraction majeure du coût de tout projet
interféromètre, permettent de traiter soit 32 GHz de bande passante pour un mono-pixel, soit 32/N GHz
de band passante pour un récepteur de N pixels.
Le projet NOEMA permet donc de gagner un facteur 16 en vitesse d'observation par rapport au PdBI
d'aujourd'hui (cad l'équivalent d'un récepteur de 16 pixels). Le projet NOEMA fournit en plus un gain
en sensibilité en mode pointé et en qualité d'imagerie (couverture du plan uv). Tout cela pour un coût
environ 2 fois plus grand que le coût estimé (environ 20 Meuros) de l'installation d'un récepteur de 16
pixels et du corrélateur associé sur les 6 antennes déjà existantes à Bure. La réalisation de multi-pixels
est une suite logique au projet NOEMA que les actions de R&D entreprises aujourd'hui permettront de
mener à bien à terme, d'autant plus que la loi de Moore permet de gagner un ordre de grandeur tous les
6 ans dans la corrélation numérique des signaux.
7
A. des multi-pixels à bure : une suite logique au projet noema
Fig. 2  Couverture uv (colonne gauche) et lobe sale associé (colonne droite) pour une source à 45
degrés de déclinaison et pour la conﬁguration D de PdBI (haut, 12 heures d'intégration), l'association
des conﬁgurations CD de PdBI (milieu, 24 heures d'intégration) et la conﬁguration D de NOEMA (bas,
12 heures d'intégration). Le quadruplement du nombre de lignes de base entre PdBI et NOEMA permet
d'augmenter la résolution d'environ un facteur 2 tout en obtenant un lobe sale de bien meilleure qualité.
La qualité d'imagerie de NOEMA est même meilleure que la combinaison des conﬁgurations C et D de
PdBI, combinaison qui requiert un doublement du temps d'intégration.
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Résumé
La période 2011-2014 verra la montée en puissance scientiﬁque du projet ALMA. Ce document dé-
crit la redéﬁnition des besoins en services d'observation ALMA qu'implique le passage de la phase de
construction à la phase d'exploitation scientiﬁque. Etant donné l'importance d'ALMA pour la radioas-
tronomie (sub)-millimétrique dans la décennie à venir, l'ASA recommande d'augmenter le nombre de
personnes aﬀectés au service d'observation ALMA de 50%, c'est-à-dire de passer de 11 à 17 chercheurs
sur la période 2011-2014 : 2 chercheurs supplémentaires seraient aﬀectées au commissionning au Chili,
2 chercheurs supplémentaires au soutien face-à-face de la communauté au sein de l'ARC européen, et
2 chercheurs supplémentaires à la mise au point d'outils experts.
1 Introduction
Les prochaines années vont voir la mise en service scientiﬁque d'ALMA. La phase de  commissioning
and science veriﬁcation  a commencé sur le site ﬁn 2009, les premières observations scientiﬁques ( early
science ) auront lieu ﬁn-2011 et la ﬁn de la construction d'ALMA est prévue pour 2013. Le passage de la
phase de construction à la phase d'exploitation scientiﬁque d'un observatoire tel qu'ALMA nécessite une
redéﬁnition des besoins en services d'observation ALMA.
Au moins onze chercheurs (6 CNAP, 3 CNRS, 2 post-docs) travaillaient pour le service d'observation
ALMA lors du recensement fait par le groupe ad-hoc de l'exercice de prospective astronomie et astrophy-
sique 2009-2010. Etant donné l'importance d'ALMA pour la radioastronomie (sub)-millimétrique dans la
décennie à venir, l'ASA recommande d'augmenter le nombre de chercheurs aﬀectés au service d'observation
ALMA de 50%, c'est-à-dire de passer de 11 à 17 chercheurs sur la période 2011-2014.
2 Contexte
2.1 Quelques rappels sur les services d'observation
Les services d'observation concernent l'ensemble des personnels CNAP. Il s'agit donc ici de voir quels
sont les besoins engendrés par le projet ALMA. Satisfaire ces besoins passe aussi bien par la réaﬀectation
de personnels que par le recrutement.
Les services d'observation sont des projets d'envergure. Il n'est pas possible de saupoudrer les ressources
sur l'ensemble de la France car cela entraine un besoin de personnel supplémentaire pour coordonner le
travail, et donc une perte d'eﬃcacité.
La labellisation est un processus 1) qui passe devant le comité scientiﬁque de l'INSU et 2) qui engage
les personnels sur de nombreuses années. C'est pourquoi les demandes de labellisation doivent proposer
des cadres génériques de travail plutôt que se perdre dans des descriptions précises de travail à eﬀectuer à
court terme (par exemple dans les 6 prochains mois). En pratique, les services seront labellisés pour une
période prédéﬁnie (typiquement 4 ans), renouvelables plusieurs fois.
13. relation avec les services d'observation iram
Il faut bien séparer les activités de recherche des activités de service. Par exemple, la recherche en
instrumentation est considérée comme une activité de recherche (débouchant sur la notion de chercheur
instrumentaliste) alors que la construction (design inclus) d'un instrument résultant de cette recherche est
une activité de service. Et ceci même s'il est probable que ce seront en grande partie les mêmes personnes
qui s'occuperont de ces deux aspects.
2.2 Rôle de l'ASA dans la déﬁnition des services d'observation ALMA
L'ASA ne peut se substituer aux observatoires qui ont la prérogative d'aﬀecter du personnel et des
moyens sur des services d'observation. Par ailleurs, si l'IRAM, un des acteurs dans les services d'observation
ALMA, n'est pas un observatoire au sens administratif français du terme, une partie de ses personnels
sont détachés d'observatoires français.
Par contre, l'ASA est aujourd'hui consulté tous les ans par le président de la section du CNAP pour les
priorités des services d'observation ALMA. Il n'y a pas eu de demande de labellisation de tâche de service
ALMA dans les deux dernières années mais l'ASA a été contacté lors de l'exercice de prospective INSU
2009 par le groupe de réﬂexion sur les services d'observation pour faire un bilan (y compris humain) des
services d'observation ALMA.
L'ASA a donc clairement un rôle de correspondant national au niveau des services ALMA. C'est à ce
titre que le conseil scientiﬁque de l'ASA déﬁnit dans ce document, en tant qu'expert, les besoins nationaux
en services d'observation ALMA.
2.3 Le projet ALMA et le rôle des  ALMA Regional Centers 
Contrairement aux instruments optiques, ALMA est un projet sans contribution en nature (pour l'ins-
tant), ce qui signiﬁe qu'un chercheur recruté en France n'a de statut aux yeux du projet ALMA qu'à
condition qu'il participe à un contrat ﬁnancé par ALMA.
Par ailleurs, l'ARC (ALMA Regional Center) est la structure qui sert d'interface entre ALMA et la
communauté scientiﬁque, avant les observations (appels à proposition, phase 1, phase 2) et une fois que
les données ont été obtenues (accès à l'archive, soutien aux utilisateurs, etc). L'ARC américain est intégré
dans l'ensemble des activités ALMA de NRAO, incluant la construction et la maintenance d'ALMA.
En Europe, l'ARC est organisé sous la forme d'un réseau. Le noeud central à l'ESO/Garching est en
charge de la gestion des demandes de temps et des observations, de l'archive, et de la distribution des
données de ALMA. Les sept noeuds additionnels sont en charge de la formation des utilisateurs en amont,
ainsi que de l'aide directe fournie aux utilisateurs pour la préparation des projets et la réduction des
données (soutien face-à-face).
Ainsi le soutien ALMA sera très diﬀérent du soutien actuel aux utilisateurs de l'interferomètre du
plateau de Bure (PdBI). En eﬀet, les astronomes assurant le soutien aux utilisateurs du PdBI assurent
le développement de l'instrument ainsi que le suivi des observations et la responsabilité des logiciels de
réduction de données. Ceci n'est pas le cas des astronomes travaillant dans les noeuds de l'ARC européen,
ce qui pose la question d'un transfert eﬃcace des informations1 du projet ALMA à ces noeuds de l'ARC
européen. Les besoins en tâches de service ALMA doivent prendre en compte cette diﬃculté et permettre
d'établir des liens privilégiés avec l'observatoire lui-même au Chili et les équipes (presque exclusivement à
NRAO, USA) chargées du développement des logiciels de réduction de données.
3 Relation avec les services d'observation IRAM
Les services d'observation ALMA et IRAM sont liés. Une très large fraction des personnes aﬃliées à
l'un ou l'autre des services travaillent consécutivement ou simultanément dans les deux services. Cela est
dû à la similitude et à la très grande technicité des instruments et logiciels employés. Il faut des années
pour monter des équipes à la pointe dans ces domaines.
1Comment avoir plus d'information sur tel problème technique intervenu lors des observations ? Comment se tenir au
courant des derniers développements dans les logiciels de réductions presqu'exclusivement développés à NRAO?
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4 Besoins en services ALMA
Le classement d'ALMA dans les services SO2 (instrumentation) et SO3 (soutien aux observatoires) est
suﬃsant pour englober les besoins ci-dessous.
4.1 Participation au commissioning d'ALMA
Cette tâche est primordiale pour avoir un contact direct avec l'instrument et les personnes qui le
construisent et en assurent le fonctionnement. Il s'agit pour l'instant de séjours de 3 à 6 mois sur place
pour lequel l'ESO ne paie que les frais de mission (le salaire reste donc à la charge de l'Observatoire de
rattachement). L'ESO souhaite des personnels expérimentés car leur but n'est pas de former des gens mais
d'aider à la construction d'ALMA. Pour information, l'IRAM envoie en 2010/2011 deux personnes pour
un séjour de 3 mois.
L'ASA encourage les observatoires français à envoyer des astronomes au Chili, astronomes mis à la
disposition de l'ESO pour ALMA. L'ASA recommande d'assurer la présence de 2 français au Chili sur toute
la période de commissionning. C'est certainement la meilleure manière d'assurer une bonne connaissance
de l'instrument et de la diﬀuser dans la communauté française pour la préparer à une utilisation optimale
d'ALMA.
4.2 Soutien face à face
L'ARC est une structure essentielle pour assurer le succès de la communauté française dans son utili-
sation d'ALMA : dans une compétition mondiale extrêmement forte, il est nécessaire d'avoir des centres
d'expertise pouvant fournir un soutien eﬃcace et rapide à la communauté, notamment pour la réduction
des données. Les ARC nord-américains et asiatiques sont localisés à un seul endroit. Le modèle européen
consistant à impliquer plusieurs laboratoires est justiﬁé par le manque d'expertise disponible à l'ESO, mais
comporte un risque très fort de dispersion des eﬀorts.
Pour éviter l'émiettement des ressources françaises et pour couvrir toutes les problématiques (instru-
mentales, logicielles, scientiﬁques) en un même lieu, l'ASA défend l'idée que le soutien face à face doit se
faire exclusivement à Grenoble dans le cadre du noeud de l'ARC européen qui s'y développe. Quel que soit
le montage administratif retenu, il est important de souligner que pour qu'une petite équipe réussisse à
oﬀrir un soutien face-à-face de qualité dans un environnement aussi complexe (car mondialisé) qu'ALMA,
il faut un investissement des membres de l'équipe supérieur aux 30% de tâches de service habituel d'un
personnel CNAP. L'ASA recommande l'aﬀectation de 2 postes supplémentaires à cette tâche sur la période
2011-2014.
4.3 Mise au point d'outils experts
Il s'agit par exemple d'outils de visualisation de données, d'estimation de la qualité de la calibration,
d'imagerie avancée, de polarimétrie, etc... Dans un premier temps (au moins pendant la période dite
 Early Science ), ALMA va produire des données brutes sans pipeline (sans réduction automatique).
La réduction et l'analyse manuelle des données se fera à l'aide du logiciel CASA qui est en très grande
partie développé par NRAO. L'existence d'outils experts permettra durant cette période d'identiﬁer et/ou
de résoudre plus rapidement les problèmes qui ne manqueront pas d'arriver. Ces outils auront pour but
d'ajouter une meilleure interactivité avec les données et/ou des algorithmes d'étalonnage ou d'imagerie
non-standards. A plus long terme, les outils experts devraient permettre de tirer au mieux parti du télescope
dans ses limites non-couvertes par le pipeline. En eﬀet, assurer le développement et le suivi d'outils experts
donnera à la communauté française un avantage dans l'obtention de temps sur cet observatoire unique au
monde et donc très compétitif. L'ASA recommande ici aussi l'aﬀectation de 2 postes supplémentaires à
cette tâche sur la période 2011-2014.
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5 Besoins en services annexes, bénéﬁques entre autres à ALMA
Tirer le meilleur parti scientiﬁque d'ALMA implique d'autres types de besoins qui ne sont pas spéci-
ﬁques à ALMA. L'ASA souligne ces besoins pour encourager les observatoires à y répondre.
5.1 Mise à disposition de données de micro-physique ﬁables
Il s'agit d'eﬀorts essentiels pour la communauté astrophysique, mais insuﬃsamment valorisés (cités)
et soutenus sur le long terme. En outre, le dialogue entre communautés de cultures très diﬀérentes est
le seul moyen d'obtenir une bonne adéquation entre les besoins astrophysiques et l'expertise disponible.
C'est d'autant plus crucial que les problèmes astrophysiques sont plus diﬃciles et plus nombreux à traiter.
La partie service concerne ici la mise à disposition de données souhaitées par la communauté ALMA. Cela
englobe 1) la déﬁnition de ces besoins, 2) la standardisation des données, 3) l'évaluation de la qualité et
de la zone de validité des données disponibles et 4) la mise en service, la documentation et la maintenance
de bases de données de façon à pérenniser les données. En particulier, il faut soutenir les actions ayant
une audience mesurable suﬃsamment grande.
5.2 Mise à disposition d'outils d'analyse
Les outils d'analyse tels que les codes de transfert de rayonnement, codes de chimie, codes de MHD,
etc... sont des objets de recherches qui s'améliorent sans cesse. Néanmoins, certains d'entre eux ont atteint
un degré de maturité qui en font des outils trop complexes pour être facilement réécrits tout en répondant
à des problèmes précis suﬃsamment utiles à une communauté d'utilisateurs. La partie service englobe ici
la mise en place de benchmarks, la documentation (en particulier la description de leurs conditions de
fonctionnement normal), la mise à disposition (e.g. interface VO) et le soutien aux utilisateurs.
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Caractériser le milieu interstellaire : un clé pour comprendre l’Univers
Qu’ont en commun la détection de carbone atomique à un redshift de 4, la cartographie à 1" de réso-
lution de l’émission 12CO J=1–0 de la galaxie du tourbillon (M51), l’étude des avant-plans galactiques
de Planck, et l’étude de la cinématique du disque et du flot moléculaire de la proto-étoile HH30 ? Au-delà
du fait qu’elles sont réalisées dans le domaine (sub-)millimétrique, ces observations sont liées aux pro-
cessus physiques et chimiques du milieu interstellaire. Caractériser ces processus permet de comprendre
les objets les plus divers de l’univers, des plus proches au plus lointains, des plus petits au plus grands. Je
décris ici une décennie de travail consacrée à la compréhension du milieu interstellaire. Je commence par
présenter deux des approches scientifiques que j’ai prises. La première concerne la caractérisition d’une
des transitions les moins bien comprises du gaz dans son chemin vers la formation des étoiles, à savoir la
transition HI vers H2. Je montre comment l’interprétation de l’émission 12CO J=1–0 pointe tout autant
vers le milieu dense et froid que vers le milieu diffus et tiède. Dans un 2ème temps, je décris la nécessité
et la mise en place d’une référence observationnelle (la chevelure de la nébuleuse de la Tête de Cheval)
pour les modéles photochimiques, eux-mêmes utilisés dans tous les contextes évoqués ci-dessus.
La décennie qui vient sera aussi féconde grâce à plusieurs événements. Tout d’abord, la communauté
qui étudie le milieu interstellaire se structure rapidement autour de grands projets. A mon niveau, e suis
porteur du contrat ANR « Structure and CHemistry of the Inter-Stellar Medium » (SCHISM) qui réunit
observateurs, numériciens et théoréticiens de l’IRAM et de l’Observatoire de Paris. Par ailleurs, l’instru-
mentation radio fait des progrès spectaculaires qui vont déboucher sur la spectro-imagerie grand champ à
haute résolution angulaire et spectrale. L’IRAM a un rôle prépondérant dans cette aventure et j’y contribue
au niveau logiciel et algorithmique. Enfin, je participe à la maturation des nouveaux instruments comme
les caméras grand-champs pour les antennes uniques et les projets ALMA et NOEMA en interférométrie
(sub-)millimétrique. La conjonction de ces facteurs contribuera à percer à jour l’origine des galaxies, des
étoiles, des systèmes planétaires et des molécules prébiotiques.
Mots-clefs :Milieu interstellaire, Radio-astronomie, Spectro-imagerie grand champ, Interféromètrie.
Characterizing the interstellar medium: A key to understand the Universe
What is there in common between the detection of atomic carbon at a redshift of 4, 1"-mapping of the
12CO J=1–0 of the whirpool galaxy (M51), the study of the Galactic foreground emission in Planck data,
and the kinematic study of the molecular disk and outflow of the HH30 proto-star? Beyond the fact that
all these observations are done at (sub-)millimeter wavelengths, they are linked through the physical and
chemical processes of the interstellar medium. Characterizing these processes permits us to understand
the most diverse objects of the universe near and far and from smallest to largest. I describe here one
decade of work directed toward understanding of the interstellar medium. I start with the description of
two of the approaches I took. The first concerns the characterization of one of the less well-understood
step in the gas on its way to form stars, the transition from HI to H2. I show how the interpretation of the
12CO J=1–0 emission relates to cold dense gas as well as warm diffuse gas. Second, I present the need
for and the making of an observational benchmark (the Horsehead Mane) for complex photo-chemical
models, which are subsequently used in the contexts mentioned above.
The decade to come promises to be as fruitful as the last one, for several reasons. The community
studying the interstellar medium increasingly organizes itself around large projects. On my own part, I
am the PI of the SCHISM ANR grant (Structure and CHemistry of the InterStellar Medium) that brings
together observers, numerical specialists and theoreticians mainly from IRAM and the Observatoire de
Paris. Moreover, radio instrumentation is making spectacular progress regarding high angular and spectral
resolution spectro-imaging. IRAM has a preponderant role in these challenges to which I contribute
software development and algorithms. Finally, I participate in the maturation of new instruments such
as single-dish wide-field cameras and the ALMA and NOEMA interferometers. The conjonction of the
factors will contribute to bring to light the origins of the galaxies, stars, planetary systems and pre-biotic
molecules.
Keywords: Interstellar medium, Radio-astronomy, Wide-field spectro-imaging, Interferometry.
